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A  quadrapole  mass-filter  vas  built  and  coupled  to  a  shock  tube  in  or¬ 
der  to  study  high  temperature  gas  kinetics.  The  chemical  kinetics  of  the 
decoii5)OSition  of  nitrous  oxide  vas  studied  with  this  apparatus  in  order  to 
establish  the  mechanism  of  the  reaction  at  temperatures  above 

Several  instimnentation  problems  uaiq.ue  to  shock  tube  mass- 
spectrometiy  we3:*e  solved.  The  most  serious  problem,  that  of  a  rapid- 
pumping  ion  source,  was  overcome  by  the  design  and  construction  of  an 
unusually  thin  ion  source. 

The  thermal  decomposition  of  nitrous  oxide  was  studied  by  shock¬ 
heating  a  mixture  of  NgO  in  argon  and  aujiiitoring  the  ion  currents 
corresponding  to  all  of  the  principal  species  involved  in  the  reaction: 
N^O,  N2,  p2,  NO,  and  0.  In  each  run  with  the  shock  tube,  the  mass-filter 
was  tuned  to  follow  the  concentration  of  a  single  species.  Because  enou^ 
runs  were  made  with  all  of  the  species,  a  run  for  each  species  at  the  same 
temperature  was  made  for  several  temperatures.  The  results  of  all  of  the 
esperiments  are  listed  below. 

1.  The  mechanism  of  the  NgO  deconposition  between  1500°-2500°K  is 
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2,  Isa/Hs  =  1*2  +  0.2  for  all  terapers-tures  between  1500°-2500°K. 

5«  kj  the  second  order  rate  constant  for  the  theinnal  decomposition 
of  NgO  in  step  1  is  equal  to 
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ki  =  1.2  X  10"’’  (60^L^_cal^5.oe  ^ 

for  the  temperature  range  of  1500°-2500°K. 
The  observed  steady  state  for  0  atoms,  as 
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1  INTRODUCTION 


1 . 1  SHOCK  WAVE  THBORT 

The  shock  tube  is  now  a  well-established  and  effective  tool  for  the 
study  of  liigh  temperature  chemical  kinetics.  The  theory  of  shock  waves 
and  their  applications  in  the  fields  of  chemistry,  and  physics  have  been 
covered  in  four  books, several  review  articles,®”®  and  more  than  200 
research  articles.  Therefore,  the  basic  theory  will  not  be  elaborated  on 
in  this  paper.  A  brief  outline  is  given  below,  with  special  en5>hasi8  on 
those  aspects  most  important  to  this  study. 

The  shock  tube  consists  of  a  tube  of  constant  cross-section,  which  is 
divided  into  a  driver  section  and  a  test  section  (Figure  1.1).  The  two 
parts  are  separated  by  a  thin  metal  diaphragm.  The  gas  to  be  studied 
(usually  high-y  diluted  in  an  inert  gas)  is  admitted  into  the  test  section 
to  a  final  pressure  of  2-10  mm  Hg  (Region  1).  Then  a  driver  gas,  usually 
helium,  is  admitted  into  the  driver  section  (Region  k)  until  the  pressure 
forces  the  diaphragm  to  burst.  This  causes  a  shcjck  Kive  to  move  out  into 
the  test  gas.  The  shock  wave  moves  through  the  test  ;,as  (Region  1)  and 
heats  it  (Region  2).  The  shock  wave  is  followed  by  t:  a  contact  surface, 
which  is  the  boundary  between  the  test  gas  and  the  driver  gas.  Region  5 
is  the  e:qpanded  driver  gas  which  is  moving  down  the  tube.  When  the  shock 
wave  arrives  at  the  end  of  the  tube  A.,  it  reflects  back  ap  the  tube.  The 
reflected  shock  wave  is  caused  by  the  gas  coming  to  rest  at  the  end  of  the 
tube.  The  kinetic  energy  of  motion  of  the  gas  behind  the  incident  wave  is 
converted  to  heat  as  the  gas  comes  to  rest,  so  that  region  behind  the 
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reflected  shock  wave  (Region  5)  consists  of  gas  which  is  at  rest  and  which 
is  heated  to  a  teii:5)erature  approximately  twice  that  of  Region  2.  The  re¬ 
flected  shcck  wave  soon  interacts  with  the  contact  surface  B  and  then  re¬ 
turns  to  the  end  wall  C.  In  the  time  interval  At  between  A  anc  C  the  gas 
at  the  end  of  the  tube  is  uniformly  heated  and  remains  at  this  high  tem¬ 
perature  until  the  reflected  shock  wave  returns  at  C.  This  time  interval 
is  on  the  order  of  one  millisecond. 

A  small  orifice  in  the  end  of  the  tube  permits  a  continuous  stream  of 
test  gas  to  flow  out  of  the  tube  directly  into  the  ion  source  of  a  mass- 
spectrometer,  where  it  is  analyzed. 

1.2  THERM0DYNAM3:C  PROPERTIES  OF  TEST  GAS 

The  shock  wa'/e  that  moves  through  the  test  gas  heats  it,  raises  its 
pressure,  and  sets  it  into  uniform  motion  down  the  tube.  The  properties 
of  the  gas  behind  the  shock  wave  are  found  by  solving  the  three  conserva¬ 
tion  equations:  one  for  mass,  one  for  momentum,  and  one  for  energy.  When 
a  coordinate  system  which  moves  with  the  shock  wave  is  used,  the  flow  be¬ 
comes  steady  and  all  the  conservation  equations  are  independent  of  time. 

We  assume  that  the  flow  is  adiabatic  in  the  time  intervals  of  interest  and 
that  the  gas  flow  is  nonviscous.  With  these  assumptions  and  the  moving 
coordinate  system,  the  equations  are 

Pi%  =  ,  (Mass  Conservation) 

PiUi^  +  Pi  =  Pa^a^  +  Pa  i  (Momentum  Conservation) 

^1^  +  hi  =  ^2®  +  hg  ,  (Energy  Conservation) 

where  p  =  density,  u  =  particle  velocity,  p  =  pressure,  h  =  enthalpy  per 
gram.  The  subscript  1  refers  to  region  1,  the  unshocked  gas,  and  the 


k 


subscript  2  refers  to  the  heated  gas  behind  the  incident  shock  wave.  The 
imshocked  gas  has  a  velocity,  Ui,  equal  in  mgnitude  but  opposite  in  sign 
to  the  velocity  of  the  shock  wave,  because  the  coordinate  system  moves 
with  the  shock  front. 

Two  more  equations  are  needed  to  solve  for  all  the  unknowns.  The 
equation  of  state  of  the  gas  is  taken  to  be  that  of  an  ideal  gas.  The 
ideal  gas  law  is  well-obeyed,  because  the  test  gas  is  usually  96^  argon  at 
low  pressure  and  at  high  tempei’ature.  The  form  of  the  law  which  is  used 
is 

p  =  pBT 

where  T  =  absolute  temperature  and  R  =  the  gus  constant  per  gram.  The 
other  equation  relates  the  enthalpy  of  the  gas  to  tenqierature.  Since  we 
are  assuming  our  gas  is  ideal,  the  enthal^  is  only  a  function  of  tempera¬ 
ture  and  may  be  written 

h  =  h°{T)  . 

The  specific  form  of  the  equation  depends  on  the  gas  mixture  under 
consideration. 

The  eight  variables  can  be  reduced  to  five  by  giving  the  initial  con¬ 
ditions  before  the  shock  is  fired,  p^  and  T^,  and  by  measuring  the  speed 
of  the  shock  wav^  which  is  -Uj.  This  then  leaves  five  unknowns,  which 
can  be  determined  from  the  five  equations. 

A  similar  argument  applies  to  the  reflected  shock  wave.  In  this 
case,  however,  the  reflected  shock  velocity  need  not  be  measured  because 
of  the  additional  constraint  that  all  gas  must  come  to  rest  at  the  end  of 
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Because  the  enthalpy  is  usually  expressed  as  a  power  series  in  T,  the 
equations  cannot  be  solved  explicitly  for  the  variables.  However,  it  is  a 
simple  problem  for  the  computer  to  solve  these  equations  by  an  iterative 
technique,  which  guesses  a  final  temperature  and  then  calculates  a  better 
one,  until  the  two  values  agree  to  within  the  desired  accuracy.  Dr.  Roger 
Strehlow  and  Hariy  Dyner  of  the  Aeronautical  Engineering  Department,  Uni¬ 
versity  of  Illinois,  have  written  such  a  program  for  their  own  use.  Ifhey 
kindly  ran  off  tables  giving  all  the  variables  as  a  function  of  shock  vel¬ 
ocity  for  the  test  gas  we  studied.  The  variables  were  listed  as  dimension- 
less  ratios  which  could  be  solved  for  the  final  tencperature,  pressure,  and 
density  by  using  the  corresponding  initial  conditions.  A  discussion  of 
such  a  program  has  been  given  by  Bird,  Duff  and  Schott.^® 

1.5  SPECIAL  CONSIDERATIONS  BEHIND  THE  RKFiaCTED  SHOCK  WAVE 

As  was  previously  mentioned,  the  final  temperature  and  pressure  be¬ 
hind  the  reflected  shock  wave  were  calculated  assuming  the  flow’  was  non- 
viscous  and  adiabatic.  Because  the  reflected  shock  wave  moves  back 
through  the  oncoming  heated  test  gas,  its  flow  will  not  be  ideal  if  a 
boundaiy  layer  has  developed  behind  the  incident  shock  wave.  Thi.8  problem 
has  been  studied  by  Skinner, Rudinger,^^  and  others,  and  has  recently 
been  reviewed  by  Johnson  and  Britton,^®  Johnson  and  Britten  concluded 
that  the  actual  teng)erature  behind  the  reflected  shock  wave  is  probably 
about  35°  +  5®  lower  than  that  calculated  by  -’ssuraing  nonviscous  flow. 

They  give  this  estimate  for  the  tenq)erature  range  1500°-i900°K.  However, 
they  also  concluded  that  the  temperature  at  the  bac>;  wall  of  the  tube 
would  correspond  to  the  ideal  value,  because  the  gas  is  twice  heated  at 
the  same  instant;  hence,  there  has  been  no  time  for  a  boundaiy  layer  to 
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develop.  Since  this  is  the  area  in  which  we  sample  our  gas,  the  nonideal¬ 
ity  due  to  viscous  flow  is  uniii5)ortant. 

A  more  serious  problem  is  the  cooling  of  the  gas  being  sampled  from 
the  ofifice,  caused  by  the  end  plate  of  the  shock  tube.  Bradley  and  Kis- 
tiakowsky^"*  have  discussed  the  problem  q.ualitatively  and  Dove  and  Moul¬ 
ton^®  have  done  some  rough  reasoning  based  on  some  calculations  by 
Skinner.^®  Since  the  boundaiy  layer  is  constantly  growing,  the  problem  is 
non-steady  and  solution  is  veiy  difficult.  Dove  and  Moulten  have  assumed 
a  steady  model,  which  they  feel  should  give  rough  values  for  the  effect. 
They  use  as  their  criteria  for  serious  distortion  of  the  kinetic  results  a 
temperature  drop  of  lOjt  in  the  gas  being  sampled.  They  concluded  that  at 
1500®K  the  effect  of  cooling  at  the  end  wall  should  be  serious  after  1.^ 
milliseconds.  Dove  and  Movilten  conclude,  however,  that  the  whole  problem 
must  undergo  e3q)eriraental  testing  in  order  to  determine  the  true  quantita¬ 
tive  effect. 

The  experiments  reported  in  this  paper  give  a  similar  qualitative 
pictta*e.  All  data  were  evaluated  by  extrapolating  the  rate  constants  to 
the  time  of  shock  arrival.  The  fact  that  all  the  rate  constants  decreased 
with  time  shows  that  cooling  is  an  effect  which  does  occur,  and  which  be¬ 
comes  worse  as  the  time  increases.  One  difficulty  in  using  the  data  in 
this  paper  to  calculate  the  magnitude  of  this  effect  is  that  there  is  no 
quantitative  data  on  the  nitrous  oxide  decomposition  above  2500°K  done  by 
an  independent  method.  There  would  have  to  be  a  comparison  with  an  inde¬ 
pendent  study  in  order  to  give  a  quantitative  basis  to  this  effect.  Below 
25C)0°K  the  agreement  with  other  experiments  is  good  and  hence  we  conclude 
that  the  exgperimental  method  yields  good  quantitative  data  up  to  this  tem¬ 
perature,  if  the  rate  data  is  extrapolated  to  the  time  of  shock  arrival. 
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Several  other  chemical  studies  have  been  made  in  which  a  shock  tube 
was  coupled  to  a  time-of-flight  mass-spectrometer.^*”^®  The  sampling  tech¬ 
nique  was  similar.  The  time-of-flight  spectrometer  is  a  rapid-scanning 
instrument  and  sacrifices  accuracy  for  speed.  Therefore,  all  these  stud¬ 
ies  have  been  semi -quantitative.  Within  their  range  of  accuracy,  the  ex¬ 
perimental  results  have  been  consistent  with  the  temperature  calculated 
from  the  ideal  theoiy.  In  the  study  of  the  dissociation  rate  of  chlorine 
by  R.  W.  Diesen,^®  he  finds  a  fall-off  in  the  rate  constant  from  the  theo¬ 
retical  value  above  2500®K.  He  has  good  agreement  below  this  ten5)erature. 
He  suggests  that  this  fal].-off  might  originate  in  a  depopulating  of  the 
higher  vibrational  states,  causing  the  rate  constant  to  rise  more  slowly 
with  temperature  than  one  would  expect  from  collision  theoiy.  However, 
the  effect  is  in  the  same  direction  as  the  cooling  effect  would  be.  We 
have  found  that  in  the  nitrous  oxide  experiments  the  points  also  fall  away 
from  a  reasonable  simple  theoretical  curve  about  2500®K.  Therefore,  until 
further  evidence  is  available  for  the  higher  ten^jeratures,  we  shall  assume 
2500®K  to  be  the  safe  upper  limit  for  good  quantitative  results  by  shock 
tube  mass-spectrometiy. 

1.4.  THE  CHBIICAL  EROBLQd:  THE  THERMAL  DECOMPOSITION  OF  NITROUS  OXIDE 
1.4.1  BACKGROUND 

The  thermal  decomposition  reaction  of  ’oitrous  oxide  has  always  been 
of  great  interest  because  it  is  one  of  the  simplest  molecules  capable  of 
undergoing  lanimolecular  decon^sition,  since  it  is  both  linear  and  tri- 
atomic.  The  entire  unimolecular  fall-off  region  is  experimentally  acces¬ 
sible,  making  NgO  a  useful  molecule  with  which  to  test  various 
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unioiTiuiiateiy,  the  thermal  decomposition  is  not  simple  and  care  must 
he  taken  in  interpreting  the  e3q)erimental  data,  Johnston^^  (1951)  has  re¬ 
viewed  all  the  work  done  on  this  reaction  prior  to  1950»  Befojre  this 
time,  activation  energies  ranging  from  ^8  to  65  kcal  per  mole  had  been  re¬ 
ported  and  the  data  did  not  fit  any  existing  theories.  Johnston  assumed  a 
simple  model  for  the  reaction,  which  is  given  below. 

(1)  NgO  +  N2O  — >  N2O*  +  N2O 

(2)  NfiO  +  — >  N2O  +  NgO 

(3)  ^  Na  +  0 

(4)  Becombination  of  oxygen  atoms  on  the  wed.! 

(5)  Recombination  of  oxygen  atoms  by  three  body  collisions 

Thus,  he  assumed  that  the  reaction  is  predominantly  a  simple  unimo- 
lecular  decomposition  followed  by  secondary  side  reactions  which  do  not 
activate  or  consume  much  nitrous  oxide.  By  extrapolating  all  first  or¬ 
der  rate  constants  to  zero  concentration,  Johnston  obtained  residual  con¬ 
stants  which  he  attributed  to  the  heterogeneous  reactions,  and  he 
subtracted  these  constants  from  the  corresponding  first  order  constant  at 
the  same  temperatixre.  After  this  he  fitted  all  data  points  at  the  same 
pressure  to  a  curve  in  the  form  log  k  =  log  A  -  E/2.5O3KP  and  evaluated 
the  constant  at  88S°K.  Row  a  plot  of  all  these  points,  log  k  versus 
log  (NfiO),  gave  a  smooth,  continuous  curve.  The  graph  showed  that  the  lew 
pressure  limit  at  8S8°K  corresponded  to  a  density  of  0,01  x  10“^  moles/cc 
and  that  the  high  pressure  limit  was  never  reached,  even  at  5  x  10  ^ 
moles/cc— the  upper  limit  of  the  study.  At  the  low  pressure  limit,  John¬ 
ston  calculated  the  activation  energy  to  be  59  kcal/mole,  which  gave  a 
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noimal  pre-exponential  factor  and  "number  of  oscillators'! .  In  the  fall- 
off  legion  the  agreement  with  theories  was  not  very  good. 

Subsequent  atten^jts  Ho  correlate  old  data  with  new  theories  were  made 
but  resulted  in  only  limited  success. 

There  is  another  problem  which  makes  theoretical  comparisons  diffi¬ 
cult.  The  measured  activation  energy  of  N^O  decouqxjsition  is  less  than 
84.7  kcal/mole,  the  dissociation  energy  of  the  ground  state  (Figure  1.2). 
This  has  been  ejqslained  by  Steam  and  Elyring^®  as  due  to  predissociation 

3  3 

along  either  the  n  state  of  nitrous  oxide.  They  calculated  that 

the  activation  energy  could  be  as  low  as  52  kcal/mole.  Using  the  ejqjeri- 
mental  activation  energy  of  Nagasako  and  Volmer,®"^  53  kcal/mole.  Steam 
and  Eyring  calculated  a  transmission  coefficient  K  =  1.88  x  lO”'*.  Gill 
and  Laidler^®  point  out  that  with  the  hi^er  activation  energy,  which  is 
now  regarded  as  more  likely,  H  is  on  the  order  of  10*^  to  10**^. 

The  simple  mechanism  used  by  Johnston^^  was  not  sufficient  to  explain 
the  experimental  facts.  As  early  as  1926,  Briner,  Meiner  and  Bothen^®  pre¬ 
sented  results  showing  NO  forme  1  as  a  product  in  the  nitrous  oxide  decoiapo- 
sition.  Later  work  by  Musgrave  and  Hinshelwood®®  (1932)  revealed  that: 

(1)  Considerable  NO  was  produced  during  the  early  stages  of  the  reaction; 

(2)  It  was  not  destroyed  later;  and  (5)  It  inhibited  its  further  produc¬ 
tion.  They  concluded  that  the  mechanism  must  include  the  following  steps: 


(1) 

NgO  " 

Na  +  0 

(2) 

0  +  NgO  - 

2N0 

(3) 

NO  +  0  +  M 

NOla  +  M 

Pease®®  (1939)  later  proposed  a  chain  reaction  which  required  the  in¬ 


itial  step  to  be: 


AH:84.7KCAL 


11 


/I  ^ 
x  —  / 


_ _ s  wn  JL  w 

^  AW  •  A« 


This  step  is  energetically  prohibitive  (AHjj°  =  +II5  heal)  and  was  rigor¬ 
ously  ruled  out  by  tracer  experiments  done  by  Friedman  and  Bigelei- 
sen®^  (1955)« 


Kaufman,  Gerri,  and  Bowman®^  (^95^)  studied  the  thermal  decomposition 
of  N^O  in  a  quartz  vessel  which  could  be  heated  to  about  1CXX)0K.  G?hey  mon¬ 
itored  both  the  NgO  and  the  NO  concentration  as  a  function  of  time.  Th^ 
proposed  the  following  mechanism,  which  eaqplained  most  of  their  results: 


(1)  NaO 

(2)  0  +  N2O 

(3)  0  +  N2O 

(4)  0  +  NO  +  M 

(5)  0 

(6)  NO^  +  NgO 


Ng  + 

0 

Je> 

Ng  + 

Cg 

2N0 

NQg  + 

M 

Wall 

Ng  + 

Ofe  +  NO 

Mo®  =  +38.3  Kcal 
AHo®  =  -78.9  Kcal 
AHo®  =  -35.9  Kcal 
AHo®  =  -71*^  Kcal 

AHo°  “  -7.5  Kcal 


The  reaction  O+O  +  M-^Qg+M  was  not  included  because  of  the  low  prob¬ 
ability  for  such  triple  collisions.  Reaction  6  was  included  to  show  that 
any  NO  formed  in  3  would  not  be  destroyed,  but  still  may  deplete  oxygen 
atoms  by  4,  only  to  be  regenerated  by  6.  On  the  basis  of  this  mechanism, 
Kauflnan  gives 

ka  =  5  X  10^0  .-l'*,500  cal/Rt 

<■  ^  mole  sec 


ha  = 


1  X  1011  e-15»500  cal/Rt 


cc 


mole  sec 
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Fenimore  and  Jones®®  (1958)  studied  reaction  5  introducing  NgO  gas 
into  a  flame  in  which  the  0  atom  concentration  could  be  calculated.  They 
assumed  the  only  source  of  NO  was  reaction  3  and  found 

ka  =  2  X  ICP-*  cal/RT  £C 

^  mole  sec 

Later  work  by  Fenimore  and  Jones®^  (1962)  modified  this  value  slightly  to 
give 


(We  ^uote  a  value  which  is  one-half  that  actually  given  in  the  paper  by 
Fenimore  and  Jones,®^  who  reported  the  constant  based  on  the  rate  of  NO 
formation.  We  define  k®  as  the  rate  constant  for  the  disappearance  of 
0  atoms;  our  convention  is  also  the  one  used  by  Kaufman  et  al..®^) 

The  difference  between  Kauftaan  et  value  for  I®  =  15  *5  hcal/mole 

and  Fenimore  and  Jones’ s  value  E®  =  28  kcal/mole  has  been  the  subject  of 
considerable  literature.  Fenimosre  and  Jones’s  value  has  been  (questioned 
not  oiily  by  Kaufman  and  co-workers,  but  also  by  Reuben  and  Linnett®® 

(1959)  and  Bradley  and  Kistiakowsky^^  (I961).  Reuben  and  Linnett  reinter¬ 
preted  the  results  of  Kaufman,  ^  They  proposed  a  mechanism  in  which 
the  0  atoms  in  the  decomposing  nitrous  oxide  were  "hot"  atoms  possessing 
about  12  kcal  excess  translational  energy  which  would  react  preferential¬ 
ly  via  reaction  3i  but  after  a  few  nonreactive  collisions,  these  0  atoms 
would  lose  their  excess  energy  and  no  longer  react  via  3»  They  claimed 
that  their  results  confirmed  Kaufman’s  value  for  Eg. 

Bradley  and  Kistiakowsky,^"*  using  a  shock  tube  coupled  to  a  time-of- 
flight  mass  spectrometer,  studied  the  high  temperature  decomposition  of 
NgO  and  concluded  that  their  experimental  results  could  only  be  e:Q)lained 
using  Kaufman's  value  for  k®  and  thus  disproved  Fenimore’ 3  value  for 
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Fenimore  successfully  defended  himself  from  all  three  sides.  In  a 
short  communication,®®  Fenimore  showed  that  the  results  of  Bradley  and 
Kistiakowsky  did  not  disprove  his  value  for  ka  and  that  their  results  were 
not  even  self-consistent.  In  an  earlier  paper®®  (1958)^  Fenimore  and 
Jones  point  out  that  Kaufman' s  lower  comes  from  assuming  no  temperature 
dependence  for  the  loss  of  0  atoms  on  the  wall.  Also,  Kaufman' s  %  forces 
reaction  k  to  have  a  negative  activation  energy  of  11  kcal.  Had  Kauftoan' s 
E3  been  11  kcal  higher  (26.5  kcal),  reaction  4  would  have  zero  activation 
energy,  which  would  be  more  reasonable  for  that  reaction.  Fenimore  and 
Jones®*  dispose  of  Reuben  and  Linnett' s  hypothesis  by  showing  that  their 
theory  leads  to  an  in5)Ossible  situation.  If  %  were  I5  kcal/mole,  the 
pre-exponential  factor  would  have  to  be  lower— about  lO”®  of  the  collision 
frequency— and  the  "hot"  atom  would  have  ample  time  to  "cool  off"  before 
reaction.  Hence,  no  NO  should  form  by  their  mechanism. 

Kaufman  has  reconsidered  his  value,®^  and  on  the  basis  of  more  recent 
experiments®®  he  has  arrived  at  a  new  value  for  %— 21  kcal/mole.  He  ad¬ 
mits  this  value  is  probably  quite  inaccurate  and  that  more  work  needs  to 
be  done. 

Fenimore  and  Jones®*  point  out  that  their  value  for  ks  is  confirmed 
by  an  entirely  different  argument.  If  their  value  for  ka  is  combined  with 
the  experimental  rate  constant  for  the  reverse  reaction  (the  thermal  de¬ 
composition  of  NO)  as  determined  by  Kauftoan  and  Kelso,®®  it  results  in  ex¬ 
actly  the  thermodynamic  value  of  the  equilibrium  constant  for  the  reaction 

NgO  +  0  ^  2N0 

Two  recent  shock  tube  studies  indirectly  confiim  Fenimore' s  value. 
Jost,  Michel,  Troe  and  Wagner*®  (1964)  studied  the  thermal  deconposition 
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of  nitrous  oxide  in  a  shock  tube.  They  monitored  the  ultraviolet  absorp¬ 
tion  of  NgO  and  HO.  Since  the  NgO  continuum  overlapped  the  band  spectrum 
of  NO,  the  NO  absorption  was  only  used  after  all  the  NgO  had  decomposed. 
Besides  obtaining  a  value  for  k^,  they  indirectly  confirmed  Fenimore  and 
Jones’  s  value  by  finding  that  at  alx  t'^mperaturea  between  1500^-2500^  a 
^uasi  steady-state  existed  with  respect  to  0  atoma.  Kaufman's  %  is  too 
low  to  make  K3  sufficiently  large  to  insure  a  steady  state  up  to  2500°K. 
Jost  et  al.  also  observed  that  in  the  entire  range  1500-2500°K  the  resid¬ 
ual  NO  concentration  was  the  same.  This  actually  is  in  accord  with  our 
finding,  that  kg  •*»  ks,  which  is  reported  in  Section  5. 

Fishbume  and  Kdse^^  also  studied  the  thermal  decomposition  of  NgO  in 
a  shock  tube  and  determined  various  values  for  k^  and  as  functions  of 
pressure.  They  ignored  subsequent  reactions,  such  as  2  and  3,  because 
they  claimed  they  were  too  slow.  The  work  of  Jost  and  co-workers  and  the 
experiments  reported  in  Section  3  of  this  paper  show  that  steps  2  and  3 
should  have  been  given  more  serious  consideration. 

If  we  call  k^’  the  experimentally  determined  second  order  rate  con¬ 
stant  for  the  decomposition  of  NgO,  the  value  for  k^’  as  deteimined  by 
Jost  ^  1^.  is 

jj.  j  _  ^  g-61,000  cal/RT  cc 

^  *  mole  sec 


and  the  value  found  by  Fishburue  and  Bdse  is 

=  5.ci5  X  10^®  q-^9}500  cal/RT 


cc 

mole  sec 


Fishbume  and  Edse"*^  report  first  order  rate  constants  and  the  above 
rate  constant  was  obtained  by  dividing  their  constant  by  the  reported  den¬ 
sity,  0.15  X  3.0”"*  moles/cc. 


9.  B^UrOWKNT 


2.1  THE  SHOOK  TUBE 

The  overa].l  length  of  the  shock  tube  is  twenty  feet.  It  is  divided 
into  a  sixteen-foot  test  section  and  a  four-foot  driver  section  (Fig¬ 
ure  2»1).  It  is  made  in  five  flanged  sections.  Pour  are  made  from  sched¬ 
ule  80  (2.900  inches  I.D,,  O.^OO  inches  wall  thickness)  516  stainless 
steel  pipe,  and  one  is  made  from  three- inch  I.D.  fyrex  brand  double  tough 
glass  pipe.  A  gradual  taper  is  cut  into  the  two  ends  of  stainless  steel 
pipe  joining  the  glass  section  to  give  a  smooth  inside  wall.  The  sections 
are  numbe;red  in  Figure  2.1. 

Section  1,  the  driver  section,  is  four  feet  long.  It  has  a  pun^jing 
port  (Figure  2,2)  to  evacuate  it  between  jnms  and  a  gas  inlet  valve  to  ad¬ 
mit  the  driver  gas.  The  entire  section  sits  on  rollers  that  allow  one  to 
slide  it  back  between  runs  in  order  to  replace  the  metal  diaphragm  between 
Sections  1  and  2,  The  photograph.  Figure  2.3>  shows  the  driver  section 
with  its  pumping  poit  to  the  extreme  right.  In  the  background  is  the  gas 
handling  equipment  for  both  the  driver  section  and  the  test  section,  to  be 
described  in  section  2.3. 

Both  sections  one  and  two  have  identical  pumping  ports  (Figure  2.2). 
The  valve  seat  is  made  from  stainless  steel,  and  the  side  exposed  to  the 
shock  tube  is  radiused  so  that  when  the  valve  is  closed,  the  inside  wall 
has  no  discontinuities.  This  gives  smooth  flow  past  these  ports  wheu  The 
shock  wave  pusses.  The  bellows  assembly  Is  from  a  one- inch  Veeco  Type  B 
high-vacuura-sealed  valve.  All  the  other  parts  were  designed  and  iMchined 
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for  this  application.  Ths  valve  has  excellent  conductance  for  initial 
pun5)ing-down  of  the  shock  tube  and  with  its  o-riug  seals  gives  no  mea¬ 
surable  leaks  when  tested  with  a  helitua  mass  spectrometer  leak  detector. 
Section  2  is  two  and  one-half  feet  long.  As  mentioned,  above^  it  has 
an  identical  pumping  port  (Figure  2.2)  to  evacuate  the  test  section  be¬ 
tween  runs.  This  section  also  has  a  gas  inlet  valve  to  admit  the  gas  to 
be  tested.  Ail  the  sections  from  numbers  2  to  5  constitute  the  tost  sec-- 
tion  and  are  filled  with  the  test  gas  from  this  valve.  Figure  2.5  shows 
part  of  the  test  section  visible  in  the  laboratory.  The  li^t-e.^  section 
is  the  only  section  made  from  glass. 

Section  3  is  ten  feet  long.  It  is  made  from  glass  because  of  it3  low 
Initial  cost  and  ease  in  cleaning.  The  light  color  of  the  section  comes 
from  a  fiberglass  epoxy  casing  surrounding  the  pipe  to  protect  against 
flying  glass  in  the  event  of  breakage. 

Section  ^  is  two  and  one-half  feet  long  and  has  four  velocity  measur¬ 
ing  stations  to  be  described  in  2.5« 

Section  5^  the  last  section,  is  one  foot  long.  It  is  coupled  to  the 
vacuum  chamber  containing  the  quadrupole  mass  filter.  The  coup2e.T  can  be 
seen  in  Figure  2.4  together  with  the  velocity  measuring  stations. 

A  plate  on  the  end  of  the  section  contains  a  small,  conical  or  hypei*- 
bolic  orifice,  which  allows  gas  from  the  shock  tube  to  flow  directly  into 
the  ion  source  of  the  mass  filter  (Figure  2.5).  An  0-rir.g  in  the  end  of 
the  shock  tube  makes  a  gas-tight  seal  with  the  plate,  and  10  bolts  hold 
the  plate  finaly  against  the  end  of  the  shock  uube. 

The  leak  is  in  the  center  of  a  small  disk  C.400  inches  in  diameter 
and  0.020  inches  thick,  which  is  in  turn  brazed  into  the  larger  end  plato. 
The  hole  in  the  center  of  the  plate  is  shoulderod  so  that  when  the  disk  ic 


IT 


ia  place  there  is  again  aix  even  surface.  The  leak  is  0.002  inches  in  di¬ 
ameter  on  the  inside  of  bhe  plate .  It  keeps  this  dimension  for  about 
0.001  inches  and  then  breaks  out  into  a  60°  cone  for  the  remaining  O.OI9 
inch  thickness  of  the  disk.  The  disks  with  the  leaks  are  obtained  from 
the  Spinnerette  Department,  Baker  Platinum  Division  of  Engelhard  Indus¬ 
tries,  Inc. 

In  the  same  end  plate  is  another  hole,  which  supports  a  thin-film 
resistance  gauge  exactly  the  same  as  those  used  to  detect  the  passage  of 
the  shock  wave.  They  are  described  in  Section  2.4.  As  with  the  disk  con¬ 
taining  the  lead,  this  gauge  is  flush  mounted  so  that  the  inside  surface 
of  the  and  plate  of  the  shock  tube  is  free  from  recesses  or  protrusions. 

2.2  DIAPHRAGMS 

The  diaphragms  which  separate  the  driver  gas  from  the  test  gas  are 
placed  between  Sections  1  and  2.  After  the  gas  being  studied  has  been  ad¬ 
mitted  to  the  test  section,  gas  is  admitted  to  the  driver  section  until 
the  diaphragm  bursts, 

Earjy  in  the  development  of  this  project  it  was  decided  not  to  use 
organic  diaphragm  materials,  which  would  introduce  organic  debris  into  the 
shock  tube  with  the  firing  of  eveiy  shock.  This  would  have  necessitated 
freauent  cleaning  of  the  shock  tube  to  remove  io^urlties.  Several  thick¬ 
nesses  of  aluminum  foil  were  tried  as  diaphragm  material,  but  invariably 
pieces  of  this  thin  foil  were  tom  away  and  carried  down  the  tube  with 
each  shock.  Thicker  pieces  of  aliuninum  foil  were  tried,  but  the  high 
pressures  req.uired  to  rupture  the  diaphragm  produced  veiy  strong  shocks 
and,  therefore,  temperatures  higher  than  desired. 


FIG.  2.1  GENERAL  SCHEMATIC  OF  SHOCK  TUBE  AND  VELOCIIT  MEASURING  EQUIPMENT 
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FIG.  2.2  SHOCK  TUBE  PUMPING  STATION 
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FIG.  2.5  DRIVER  SECTION  END  OF  SHOCK  TUBE  AND  GAS  HANDLING  EQUIPMENT 
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FIG.  2.1j-  shock  velocity  MEASURING  STATIONS  AND  COUPLER  TO  HIGH 
VACUUM  SYSTEM 


a)  Viev  from  Shock  Tube  Side 


b)  View  from  Mass  Filter  Side 

FIG.  2.5  END  FIAIiGE  OF  SHOCK  TUBE  SHOWING  CONICAL 
LEAK  INSERT  AND  THIIJ-FII24  GAUGE  INSERT 
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A  scrilDlng  technique  was  developed  because  it  was  found  that  one 
could  significantly  reduce  the  bursting  pressure  of  the  heavier  diaphragm 
materials.  It  also  promoted  petaling  of  the  diaphragm  upon  rupture  and 
thus  minimized  the  amount  of  diaphragm  material  that  was  carried  down  the 
shock-tube  during  each  shock;  since  aliaminum  diaphragms  were  used,  this 
feature  meant  that  the  tube  itself  has  to  be  cleaned  infrequently. 

The  scribing  tool  appears  in  Figure  2.6.  It  consists  of  a  scribe 
with  a  tungsten  carbide  cutting  tip  mounted  in  a  yoke  that  can  swivel  ver¬ 
tically  in  a  block.  At  the  cutting  end  of  the  scribe  thei«  is  located  a 
weight  cup  to  which  weights  can  be  added  to  vary  the  depth  of  the  scribe 
mark  in  the  diaphragm  material. 

The  following  procedure  is  used  in  preparing  a  diaphragm  for  the 
shock  tube.  Blanks  of  aluminum  foil  to  O.CX)5  inches  thick,  which  have 
been  previously  cut  to  fit  the  shock  tube,  are  placed  on  a  surface  plate 
and  the  center  of  the  diaphragm  is  located.  With  a  straight  edge,  two 
guide  lines  are  penciled  perpendicular  to  one  another,  each  passing 
through  the  center  of  the  diaphragm.  Using  a  straight-edge  to  steady  the 
cutting  tip  of  the  scribe,  one  scribes  marks  in  the  diaphragm  along  the 
guide  lines  by  pulling  on  the  block  of  the  scribing  tool.  This  is  illus¬ 
trated  in  Figure  2.7»  The  length  of  the  scribe  mark  is  three  inches,  the 
same  as  the  shock  tube  inside  diameter.  With  practice  the  diaphragms  can 
be  made  to  burst  veiy  reproducibly. 

To  test  reproducibility,  a  batch  of  ten  diaphragms  were  made  up  ac¬ 
cording  to  the  above  procedure.  During  the  tests,  ergon  was  used  as  the 
test  gas  at  the  same  initial  pressure  for  each  shock.  Helium  was  used  in 
the  driver  section  and  the  diaphragms  were  burst  by  allowing  the  pressure 
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in  the  driver  section  to  "build  up  slovly.  From  the  results  of  the  ten 
tests  it  vas  found  that  the  shock  velocity  was  reproduced  to  1  per  cent. 

Since  the  "bursting  pressure  is  constant  for  a  fixed  scri"bing  tech¬ 
nique,  the  shock  strength  is  changed  by  varying  the  composition  of  the 
driver  gas.  variation  of  mixtures  of  argon  and  helium  from  pure  ar¬ 
gon  to  pure  helium,  the  entire  range  of  desired  shock  strengths  is  ob¬ 
tained.  A  typical  bursting  pressure  is  IICK)  mm  Hg.  with  5  nira  Hg.  test  gas 
pressure. 

2.5  GAS  KDCING  APPARATl^  AIH)  SHOCK  TUBE  VACUUM  SYSTEM 

The  gas  mixing  equipnent  and  the  shock  tube  vacuum  equ3.pment  are 
schematically  shown  in  Figure  2.8.  The  gauges  and  controls  for  this  sys¬ 
tem  can  be  seen  behind  the  shock  tube  in  Figure  2.5* 

The  construction  of  the  system  is  as  follows.  Three  2100-cubic-inch 
oxygen  tanks  made  of  30^  stainless  steel  serve  as  mixing  and  storage  tanks 
for  the  test  gases  used  in  the  shock  tube  (Figure  2.9)*  Each  tank  is  con¬ 
nected  to  the  high  vacuum  manifold  through  a  one-inch  diameter,  high  con¬ 
ductance,  stainless  steel  bellows- sealed  valve  (marked  A,  B,  C  in 
Figure  2.8).  A  l/k  inch  nickel  alloy  diaphragm  sealed  valve  is  also  con¬ 
nected  to  each  tank  and  is  used  to  admit  the  gases  for  mixing  and  storage. 
This  same  valve  also  is  used  to  let  gas  out  of  the  tanks  and  into  the 
shock  tube.  The  tanks  are  wrapped  with  heating  tapes  and  fiberglass  in¬ 
sulation.  They  are  baked  out  to  250°C  for  2k  hours  before  use. 

High  purity  gases  from  commercial  cylinders  are  admitted  to  the  tanks 
through  three  stainless  steel  valves.  The  three  valves  are  provided  to  ad¬ 
mit  three  separate  components  for  mixing.  The  l/h-inch  stainless  steel 
valves  (Robbins  Aviation  Corporation)  have  double  o-ring  stem  seals  to 
minimize  bursts  of  air  that  mi^t  be  admitted  from  outside  the  system. 


FIG.  S.?  DIAPHRAGM  SCRIBING  TECHNIQUE 
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The  pressxire  in  the  is  Qeasnrea  hy  three  Wallace  and  Tieman 

precision  differential  pressure  gauges  with  0.35»  (of  fiill  scale)  accura¬ 
cy.  The  gauges  are  used  as  absolute  pressure  indicators  with  their  cases 
evacuated.  Their  ranges  are  0-750  nan  Hg.,  0-55  nan  Hg.,  and  0-20  mm  Hg. 
22iat  gauge  is  used  which  will  give  at  least  50  per  cent  of  full  scale  de¬ 
flection  when  tile  final  pressure  is  reached.  The  gauges  ai-e  so  connected 
that  they  nay  also  be  used  to  measure  the  gas  pressure  in  the  shock  tube. 
The  0».20  mm  Kg.  gauge  is  used  because  initial  siusck  tube  pressures  fall  in 
this  range. 

All  the  tubing  used  to  connect  the  gauges^  valves,  and  tanks  is  l/h- 
inch  diameter  stainless  steel  seamless  tubing.  Each  connection  is  made 
with  flared  fittings  which  crush  a  gi'easeless  teflon  o-ring  confined  in  a 
ferrule  (Koncentilc  flare  fittings).  The  entire  gag  mixing  system  is 
leak-tight  as  tested  with  a  helium  mass  spectrometer  leak  detector. 

The  high  vacuum  for  the  gas  mixing  apparatus  and  the  shock  tube  is 
provided,  by  a  litjuid-nitrogen-baffled  mercury  diffusion  puE^),  The  pump 
Is  connected  to  a  stainless  steel  manifold  from  which  are  valved  outlets 
for  the  shock  tube,  the  three  tanks,  the  pressure  gauges,  and  all  connect¬ 
ing  tubing.  Kormlly  the  tanks  and  lines  are  evacuated  to  below  10  ®  mm 
Hg.  before  use  end  the  shock  tube  to  below  lO'"'^  mm  Hg.  before  admitting 
the  gas  to  be  tested. 

The  driver  section  of  the  shock  tube  is  pumped  out  with  only  a  Duo- 
Seal  rotary  pump  before  driver  gases  are  admitted.  Helium  and  argon  are 
both  used.  The  driver  section  itself  is  used  as  the  mixing  chamber.  The 
pressure  is  measm'ed  by  two  Wallace  and  Tieman  gauges  with  ranges  of 
O-ifOO  mm  Hg,  and  O-3OOO  mm  Hg, 
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FIG.  2.8  GAS  MIXING  APPARATUS  AND  SHOCK  TUBE  VACUUM  SYSTEM 
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The  nomal  method  of  operation  is  to  admit  helium  gas  to  a  desired 
pressure  and  then  slowly  admit  argon  until  the  dl.aphragm  bursts. 

2.4  SHOCK  VELOCIEY  MEAST;fffllMKNT 

The  velocity  of  the  shock  wave  is  measured  by  detecting  its  passage 
past  four  thin- film  platinum  resistance  gauges  (Figure  2.4).“*®  The  four 
probes  are  connected  in  series  with  a  load  resistor  and  battezy  to  provide 
constant  current  operation.  A  current  of  about  20  milliamperes  is  usually 
used.  The  heating  of  the  thin  film  by  the  passing  shock  front  changes  its 
resistance,  and  the  resulting  voltage  change  is  amplified  and  differenti¬ 
ated.  (Figure  2.1). 

The  signal  from  the  first  probe  triggers  a  single  sweep  of  a  Tektron¬ 
ix  555A  oscilloscope  fitted  with  a  type  CA  dual  trace  input.  The  subse¬ 
quent  signals  are  then  displayed  on  top  of  an  unfolding  raster  time  base 
generated  by  a  Badionics  Inc.  Model  TWM-2A  crystal  driven  triangle  wave 
and  time  mark  generator.  This  same  unit  also  provides  time  marks  at  ten 
microsecond  intervals  on  the  raster  pattern  by  z-axis  mod’olation  of  the 
scope  beam.  The  single  sweep  is  photographed  with  a  Tektronix  C-12 
oscilloscope  camera  fitted  with  a  polaroid  back  (Figure  2.1). 

The  thin- film  headers  were  prepared  according  to  the  method  employed 
by  Steinberg  and  Davies."^  Two-pin  hermetically  sealed  glass-to-metal 
headers  (Electrical  Industries  Type  50GS/4CW-ES-2A)  were  machined  to  fit 
into  the  probe  and  then  ground  and  polished  flat.  With  a  two-hair  camel 
hair  brush,  a  thin  straight  line  film  of  Hanovia  Bright  Platinum  No.  5  was 
painted  between  the  terminals.  The  films  were  between  l/4  and  I/2  milli¬ 
meters  wide  and  0.21  inches  long  (the  distance  between  the  pins).  The 
headers  were  then  heated  slowly  in  a  furnace  to  580°C  and  kept  there  for 


one  hour.  After  cooling,  the  points  where  the  film  contacted  the  pins  in 
the  header  were  cleaned  with  a  file  and  then  painted  with  small  dots  of 
DuPont  No.  58^5  Silver  Conducting  I^o:xy.  The  headers  were  then  reheated 
to  l60°C  for  one  hour  to  diy  and  then  to  260°C  for  one  hour  to  cure.  The 
treatment  with  epoxy  was  found  necessary  to  reduce  electrical  noise  coming 
from  the  jimction  of  the  film  and  header  lead.  The  final  resistance  of 
150  ohms  was  used  in  the  first  position  to  trigger  the  oscilloscope  sweep. 

The  headers  were  then  soft-soldered  into  the  probes,  which  fit  into 
adjustable  barrels.  This  mounting  technique  not  only  allowed  good  flush 
mountings  with  the  shock  tube  wall,  but  also  provided  the  necessary  vacu¬ 
um  seals  (Figure  2.10). 

The  probes  fit  into  holes  bored  into  a  shock  tube  section  near  the 
end  flange.  The  holes  were  bored  on  a  mill  seven  inches  apart  to  an  ac¬ 
curacy  of  +^0.007  inches. 

The  signals  from  the  probes  could  be  read  off  the  raster  pattern  to 
within  0.5  microseconds.  Since  a  typical  time  interval  between  signals  is 
200  microseconds,  the  time  interval  accuracy  is  0.25^^.  The  maximum  over¬ 
all  error  in  the  meas’ored  velocity  is  then  0.5?^  as  shown  below. 


0.014  inch 


microseconds 
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The  vacuum  chamber  which  houses  the  quadrupole  mass-filter  and  which 
is  coupled  to  the  last  section  of  the  shock  tube  is  made  from  a  150-lb 
eight-inch-diameter  stainless-steel-flanged  cross  connected  to  a  150-lh 
eight -inch-diameter  stainless-steel-flanged  tee.  Between  the  two  is  an 
eight  inch  gate  valve  (Figure  2.11,  2.12). 

Two  six- inch  diffusion  pumps  are  used  to  maintain  a  high  vacuum  in 
the  system.  An  N.R.C.  oil  diffusion  pmp  and  liq.uid-nitrogen-cooled  ciyo- 
baffle  are  connected  to  the  bottom  flange  of  the  tee,  and  an  Edwards  mer- 
cuiy  diffusion  pump  is  connected  to  a  six-inch  gate  valve  on  the  bottom 
flange  of  the  cross.  Before  gas  is  admitted  into  the  shock  tube,  the 
chamber  is  pumped  down  to  a  pressure  below  1  x  lO”®  mm.  On  admission  of 
the  gas  to  be  tested  into  the  shock  tube,  the  pressure  rises  on  account  of 
the  constant  flow  of  gas  from  the  orifice  in  the  end  cap  of  the  shock 
tube.  With  both  pun^jS  in  use,  the  background  pressure  can  be  held  below 
1  X  lO”®  mm  with  a  pressure  of  10  mm  in  the  shock  tube;  i.e.,  the  vacuum 
chamber  pressixre  is  less  than  one-millionth  of  the  tube  pressure. 

The  last  section  of  the  shock  tube  protrudes  into  the  vacuum  chamber 
through  one  of  the  flanges  of  the  cross.  A  coupler  provides  the  necessary 
vacuum  seal  between  the  shock  tube  and  the  chamber.  This  coupler  is  so 
designed  that  ho..-'  ontal  and  vertical  adjustment  of  the  vacuum  chamber  can 
be  done  without  spoiling  the  vacuum  seal.  The  adjusting  is  necessary  to 
accurately'  align  the  leak  in  the  shock  tube  end  cap  with  the  ion  source  of 
the  mass-filter. 

The  top  flange  of  the  cross  supports  the  qLuadrupole  mass-filter.  The 
ion  source  and  ion  focusing  plates  are  attached  directly  to  it,  and  when 
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the  mass-filter  is  in  position  the  ion  source  hangs  down  in  the  cross  di¬ 
rectly  adjacent  the  orifice  in  the  shock  tube  end  cap. 

An  additional  vacuum  housing  also  rests  on  this  top  flange  of  the 
cross.  It  encloses  the  ciuadrupole  and  its  electron  multiplier  detect¬ 
or.  It  also  contains  hermetically-sealed  electrical  feedthroughs  to  bring 
the  necessary  electrical  signals  into  and  out  of  the  vacuum  system. 

Because  the  orifice  in  the  end  of  the  shock  tube  is  so  small,  it  was 
anticipated  that  it  would  become  frequently  blocked  with  dust  or  small  di¬ 
aphragm  pieces.  Therefore,  the  entire  vacuum  housing  and  pumps  rest  on  a 
roller  bearing  track  mechanism.  This  allows  the  chamber  to  slide  back  and 
away  from  the  shock  tube.  The  end  cap  is  then  exposed  and  the  necessary 
maintenance  can  be  performed  on  the  leak.  Also,  the  relative  position  of 
the  shock  tube  in  the  test  chamber  is  restored  and  the  accurate  alignment 
of  the  leak  is  maintained  when  one  slides  the  chamber  back  into  position. 
This  feature  has  proven  to  be  of  extreme  value,  as  it  is  not  rare  that 
maintenance  is  requi.red  several  times  in  one  day. 

2.6  THE  GAS  ANALYSIS 

The  dynamic  analysis  of  the  gas  effusing  from  the  orifice  in  the  end 
plate  of  the  shock  tube  is  done  with  the  use  of  a  quadrupole  mass  filter. 
Gas  emerging  from  the  leak  is  ionized  by  electron  bombardment.  The  ions 
thus  formed  are  drawn  upwards  through  eleven  focusing  cylinders  and  into 
the  mass  filter.  There,  only  the  ions  of  the  desired  specific  mass 
(mass/charge)  can  pass  all  the  way  through.  The  ions  exciting  the  field 
are  deflected  onto  an  electron  multiplier,  the  output  of  which  is  recorded 
on  an  oscilloscope  fitted  with  a  Polaroid  camera. 


ELECTRON 

QUADRUPOLE  MULTIPLIER  TEKTRONIX  MODEL  565  A 

POWER  SUPPLY  POWER  SUPPLY  DUAL  BEAM  OSCILLOSCOPE 
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AND  LAST  SHOCK  TUBE  SECTION 
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FIG.  2.12  QUADRUPOLE  VACUUM  SYSTEM  AND  SHOCK  TUBE 


57 


2.6.1  THE  ION  SOURCE 

The  ion  souice  (see  Figure  2.13)  consists  of  an  electron  beam  assem¬ 
bly  to  ionize  -t.he  gas  and  a  series  of  focusing  cylinders  to  move  the  ions 
from  the  ionizing  region  to  the  entry  hole  of  the  q.uadrupole  mass  filter. 
Most  of  the  metal  parts  in  the  ion  source  are  constructed  from  0.0l8-inch 
Inconel  sheet.  Where  thicker  material  was  needed,  50^  stainless  steel  was 
used.  Several  insulating  materials  were  employed.  Sapphire  rods  support 
and  align  the  ion  source,  and  boron  nitride  washers  hold  the  focusing  cyl¬ 
inders  the  proper  distance  apart.  Glass  bonded  mica  (ffykroy  1100)  is  used 
to  make  electrical  terminal  strips  and  other  miscellaneous  parts. 

Several  filament  arrangements  to  supply  the  necessary  electron  beams 
were  tried.  Since  it  was  not  possible  to  use  magnetic  collimatjon  of  the 
electrons,  the  intensity  of  the  electron  beam  had  to  be  obtained  by  a  fil¬ 
ament  giving  generous  emission  and  a  lens  system  which  focused  the  elec¬ 
tions  into  the  ionizing  region.  The  openings  in  all  the  lenses  are- 
circular,  so  it  was  necessary  to  use  a  filament  wound  in  a  helix  to  pre¬ 
sent  the  maximum  length  to  the  first  collimating  lens.  The  filament  now 
being  used  is  made  from  tungsten  wire  supported  on  both  ends  by  tungsten 
posts.  Midway  between  the  posts,  the  wire  is  wound  in  a  three-tum  helix. 
This  entire  assemb-ly  is  made  by  Consolidated  Electrodynamics  Corporation 
and  is  the  standard  filament  in  their  mass  spectrometer  leak  detector 
(Part  No,  38760,  Disitron  Filament). 

The  filament  is  heated  with  a  Sorensen  Q  Nobatron  regudated  power 
supply  continuously  adjustable  from  4.5  to  9  volts.  Its  maximum  output 
current  is  8  amperes.  No  attenQ)t  is  made  to  regulate  the  filament  emis¬ 
sion,  because  the  entire  recording  time  of  one  e:i^eriment  is  less  than  one 
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seconds  Thus,  nc  long  term  stability  1»  req.uired.  About  two  minutes  be¬ 
fore  a  shock  is  fired,  the  emission  current  is  checked  and  is  adjusted,  if 
necessary,  by  changing  the  filament  heating  voltage  on  the  power  supply. 

In  normal  operation  the  filament  is  operated  at  less  than  two  \t>lts  so 
that  a  series  rasistance  is  required  with  the  power  supply,  which  cannot 
supply  les?  rc  -  4.5  volts.  The  current  required  to  heat  the  filament 

varies  between  k.2  and  amperes. 

The  electrons  emitted  from  the  filament  pass  through  a  collimating 
lens  and  a  focusing  cylinder  before  entering  the  ionizing  region.  They 
exit  on  the  other  side  of  this  region  and  are  collected  on  an  electron 
trap.  The  collimating  lens  is  connected  to  the  negative  side  of  the  fila¬ 
ment.  The  voltage  on  the  focusing  lens  is  supplied  by  a  Kepko  ABC  425M 
continuously  adjustable  from  0  to  425  volts.  The  setting  used  on  the  fo¬ 
cusing  leas  is  determined  by  monitoring  the  ion  current  and  using  thax 
voltage  which  corresponds  to  a  maximum.  Several  lens  voltages  have  been 
used  and  they  all  center  around  250  volts. 

The  voltage  on  the  case  determiixes  the  final  energy  of  the  electrons. 
This  voltage  between  the  filament  and  the  case  is  supplied  by  a  Kepko  ABC 
2OOM  regulated  power  supply  adjustable  between  0  and  200  volt.  This  case 
voltage  seems  also  to  have  some  focusing  effect  on  the  electron  beam,  so 
it  is  also  adjusted  to  give  the  maximum  ion  signal. 

On  exiting  the  ionizing  region,  the  electron'  are  collected  on  a 
plane  metal  sheet  held  five  volts  positive  with  respect  to  the  case,  to 
suppress  secondary  electron  emission. 

Th^  lone  formed  by  the  electron  bombardment  are  forced  upwards  by  the 
ion  rer''‘ller  into  the  focusiiig  lenses.  They  enter  through  a  0.l06-inch 
diameter  hole  in  the  iop  of  the  case.  The  center  of  ■*  .e  electran  beam  is 
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0.156  inches  below  this  hole.  In  order  to  extract  the  ions  f:rora  the  case, 
the  Ion  repeller  is  made  15  volts  positive  with  respect  to  the  case. 

(There  are  eleven  cylindrical  lenses  O.O89  inches  in  diameter  and 
0.150  inches  long.  (The  cylinders  are  copper  brazed  into  0.028-inch  thick 
Inconel  plates  held  apart  by  boron  nitride  spacers  and  supported  by  sap¬ 
phire  rods.  The  voltages  on  all  eleven  lenses  were  continuously  adjusta¬ 
ble  from  that  of  the  case  (75  volts)  to  ground,  the  potential  of  the  entry 
hole  into  the  quadrupole.  The  geometry  of  the  lens  system  made  the  compu¬ 
tation  of  opi’.imum  voltages  virtually  impossible,  so  tlmt  the  settings  used 
are  those  found  by  maximizing  the  recorded  ion  current. 

Since  this  method  of  focusing  ions  is  highly  unconventional,  espec¬ 
ially  in  mass  spectrometry,  the  reasons  for  making  the  ion  optics  as  they 
are  are  listed  below. 

1.  Circular  optics  inst  d  of  slit  optics  was  en5)loyed  because  in  a 
quadrupole  mass  filt-^.r*  the  entry  hole  is  circular. 

2.  Cylindrical  lenses  were  used  because  their  ends  may  be  placed  ar¬ 
bitrarily  close  : ogether.  This  was  important  because  the  lenses 
run  parallel  to  the  end  cap  of  the  shock  tube,  practically  touch¬ 
ing  it.  To  prevent  the  potential  of  the  end  cap  from  penetrating 
into  the  lens  system,  the  cylinders  were  placed  O.CX)7  inches 
apart. 

5.  The  large  number  of  lenses  was  necessary  because  of  the  long  dis¬ 
tance  the  ions  had  tr  move.  They  had  to  travel  two  inches  to 
ci  ar  the  side  of  the  shock  tube  before  entering  the  mass  filter. 
Also  for  maximum  focusing  versatility,  the  lenses  were  made  only 
a  little  longer  than  their  diameter. 
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4.  The  diameter  of  fh?  cylinders  (0^009  inches)  vas  a  ccii^jrcinise  he= 
tween  two  desired  properties.  Their  diameters  should  be  large, 
to  admit  the  largest  nximber  of  ions  from  the  case,  thus  increas¬ 
ing  the  sensitivity.  On  the  other  hand,  the  diameters  should  be 
sma3,l,  to  allow  the  central  axis  of  the  cylinders  to  be  as  close 
as  possible  to  the  end  of  the  shock  tube,  which  in  effect  moves 
the  electron  beam  closer  to  the  leak. 

No  unlqtue  set  of  voltages  was  foimd  which  gave  an  absolute  maximum 
ion  current.  Several  different  sets  which  differed  markedly  from  each 
other  all  gave  approximately  the  same  resultant  ion  current.  However, 
each  set  gave  a  maximum  current  in  the  neighborhood  of  its  volfcage  set¬ 
tings.  A  typical  set  of  ion  source  voltages  is  given  in  Table  P.l. 

The  ions  enter  the  mass  filter  through  a  final  collinsating  hole.  The 
size  of  this  entry  hole  has  an  effect  on  the  resolution  of  the  quadrupole. 
For  this  reason  it  was  made  adjustable.  Several  different  sized  holes 
were  drilled  into  small  metal  buttons  which  can  be  interchanged  in  the  ion 
source  with  relative  ease.  For  any  particular  experiment,  in  order  to 
maximize  the  ion  current  transmission,  the  largest  hole  is  used  consistent 
with  the  resolution  required. 

2.6.2.  THE  QUADHUPOLE  MASS  FILTER 

The  quadrupole  mass  filter  consists  of  four  round  stainless  steel 
rods  0,750  inches  in  diameter  and  I7  inches  long  arranged  so  that  the  elec 
trie  field  in  the  space  between  them  is  essentially  hjT)erbolic.  The  axes 
of  the  rods  form  the  edges  of  a  right  square  prism.  The  poles  are  held  in 
place  by  two  stainless  steel  flanges  each  fitted  with  four  boron  nitride 
cups  to  provide  electrical  insulation,  support  and  location.  The  flanges 
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TABLE  2.i 

ION  SOURCE  VOLTAGES  ON  QUADRUPOLE  MASS-FILTER 


ELEMENT 

VOLTAGE  (VOLTS) 

1.  Ion  Repeller 

97.0 

2.  Case 

75.0 

3,  Ion  Focusing  lenses 

No.  11 

75.0 

No.  10 

49.3 

No.  9 

72.8 

No.  8 

28.7 

No.  T 

65.2 

No.  6 

31.1 

No.  5 

65.4 

No.  4 

00.0 

No.  3 

57.9 

No.  2 

11.7 

No.  1 

50.4 

4e  Ion  Source  Mount 

00.0 

5.  Filament  and  Flat  Electron  Lens 

-25.0 

6.  Cylindrical  Electron  Lens 

225.0 

7.  Electron  Trap  (trap  current  20  iiiicroaji5)eres) 

70.0 
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are  mutually  aligned  "by  bolting  them  to  two  ends  of  a  cast  stainless  steel 
cylinder.  The  cylinder  has  accurately  positioned  locating  holes  so  that 
the  flanges  may  be  accurately  realigned  after  removal  for  servicing  and 
cleaning  of  the  rods  (Figure  2.14). 

The  principle  of  operation  is  now  well-documented  and  will  not  be  re¬ 
peated  here.^”"*®  Opposite  poles  are  electrically  connected  together  and 
excited  with  both  A.  C.  and  D.  C.  voltages.  An  r.f.  oscillator  circuit 
supplies  a  one  megacycle  signal  to  the  poles  such  that  opposite  pairs  of 
poles  have  signals  of  the  same  amplitude  but  l80°  out  of  phase.  The  same 
circuit  supplies  a  positive  D.  C.  voltage  to  one  pair  and  a  negative  D.  C. 
voltage  to  the  other  pair,  also  of  the  same  magnitude.  The  ratio  of  A.  C. 
to  D.  C.  voltage  is  externally  variable  and  is  adjusted  to  establish  the 
desired  resolution.  The  mass  which  is  allowed  to  pass  through  the  filter 
is  controlled  by  the  magnitude  of  the  B.  F.  voltage.  The  electrical  cir¬ 
cuit  for  the  oscillator  was  supplied  by  Kent  Wilson,  University  of  Cali¬ 
fornia,  Berkeley.  The  circuit  has  since  been  published.**^ 

Typically,  the  operation  of  the  mass  filter  is  as  follows.  The  os¬ 
cillator  and  its  power  supplies,  as  well  as  the  ion  source,  are  turned  on 
to  warm  up  for  two  hours  before  use.  Gas  is  admitted  into  the  shock  tube 
and  an  ion  signal  is  recorded  by  the  electron  multiplier  detector.  The 
output  of  the  detector  is  amplified  by  a  Keithley  409  Picoammeter,  and  its 
output  displayed  on  a  strip  chart  recorder. 

The  r.f.  aii5)litude  is  changed  until  the  desired  mass  peak  is  found. 
Then  several  mass  spectra  are  fun  in  the  region  of  the  desired  peak,  each 
time  changing  the  resolution  by  varying  the  A.C.  to  D.C.  ratio.  The  spec¬ 
tra  are  inspected,  ari  that  one  with  the  lowest  resolution  which  still  has 
no  interference  from  neighboring  peaks  is  used.  This  is  done  because  the 
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transmission  of  the  ion  current  decreases  as  the  resolution  is  made  to  in¬ 
crease.  The  optimum  r.f.  voltage  and  voltage  ratio  for  the  mass  being 
studied  are  then  set  and  locked.  Between  runs  the  r.f.  voltage  is  checked 
to  see  if  the  signal  has  drifted  off  the  top  of  the  peak.  With  adequate 
waim-up  the  drift  is  slight. 

2.6.5.  THE  ION  DETECTOR 

The  beam  of  ions  emerging  from  the  mass-filter  is  bent  45  degrees  by 
a  parallel  plate  deflection  lens  before  striking  the  dynode  strip  of  a 
Bendix  M-306  Magnetic  Electron  Multiplier.  The  output  of  the  multiplier 
passes  through  a  10,000  ohm  resistor,  and  the  voltage  thus  generated  is 
amplified  by  the  2A61  prean5)lifier  of  a  Tektronix  565  oscilloscope.  The 
preaii5)lifier  is  used  at  its  one  millivolt-per-centimeter  setting  because 
the  multiplier  output  cannot  greatly  exceed  lO”*^  amperes.  Higher  output 
currents  cause  nonlinear  gain  characteristics. 

The  Bendix  Magnetic  Multiplier  was  employed  because  it  has  several 
advantages  over  conventional  types.  Because  the  active  coating  on  the  dy¬ 
node  strip  is  tin  oxide,  the  entire  multiplier  can  be  recycled  to  moist 
atmosphere  without  changir^  the  ga-fn  characteristics.  Also,  the  strip  can 
be  cleaned  easily  with  a  pencil  eraser.  The  oxide  coating  is  also  inert- 
to  most  of  the  gases  being  analyzed.  Therefore,  the  gases  in  the  vacuum 
chamber  do  not  poison  the  multiplier  and  change  its  gain.  There  is,  how¬ 
ever,  one  serious  disadvantage  to  its  use.  Because  the  magnetic  multipli¬ 
er  has  only  one  dynode,  the  last  stages  of  amplification  cannot  be 
decoupled  as  in  the  conventional  multi-dynode  type.  Therefore,  the  output 
current  must  be  kept  below  about  10  amperes  for  amplification  to  remain 
linear.  Since  in  these  experiments  essentially  D.C.  currents  are  re¬ 
corded,  a  veiy  sensitive  preamplifier  must  be  used.  This  sacrifices 
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bandpass  characteristics.  The  rise  time  of  the  2A6i  preamplifier  is  one 
mic3X>second,  which  is  Just  fast  enough  for  this  application. 

When  this  multiplier  was  first  used  it  lay  directly  behind  the  exit 
hole  of  the  mass-filter  and  no  deflection  lens  was  used.  This  gave  a  di¬ 
rect  line  of  si^t  from  the  ion  source  to  the  detector.  With  this  geomet- 
ly  it  was  found  that  the  baseline  of  the  mass  spectrum  never  lay  at  zero 
ion  current.  There  was  always  a  residual  output  current  on  the  multiplier, 
even  between  mass  peaks  and  when  the  accelerating  volxages  were  turned  off. 
This  last  observ/ation  was  the  clue  to  the  fact  that  the  current  came  from 
hard  ultraviolet  or  soft  x-rays,  generated  in  the  ion  source,  which  were 
reaching  the  multiplier  up  the  direct  line  of  si^t  path  through  the  q.uad- 
rupole  mass  filter.  These  higher  energy  photons  also  cause  secondary  emis¬ 
sion  on  the  dynode  strip  and  hence  would  be  recorded  as  ion  current.  A 
rough  calculation  showed  that  this  e3Q>lanation  was  reasonable.  For  this 
reason  the  multiplier  was  set  off  at  an  angle  and  the  ion  current  passed 
through  a  lens  which  deflected  it  onto  the  dynode  strip.  With  this  ar¬ 
rangement  the  residual  ion  current  conqpletely  disappeared. 

The  deflection  lens  voltage  is  adjustable.  This  was  done  for  two 
reasons.  Firstly,  if  the  accelerating  voltage  of  the  ions  is  changed, 
then  the  deflecting  voltage  must  also  be  changed  to  bend  the  ions  through 
the  same  angle.  Secondly,  the  high  voltage  end  of  the  multiplier  aids  the 
deflection  and  thus  when  the  gain  of  the  multiplier  is  changed  by  changing 
this  high  voltage,  an  adjustment  must  also  be  made  on  the  deflection  lens 
to  compensate  for  this.  The  lens  voltage  is  supplied  by  a  Kepco  ABC  200M 
power  supply.  Both  positive  and  negative  outputs  are  connected  to  ground 
with  1000  ohm  resistors,  thus  making  the  voltages  on  the  two  plates  of  the 
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lens  symmetrically  positive  and  negative  with  respect  to  groJond.  The  volt¬ 
age  is  continuously  variable  at  the  power  supply  and  usually  is  set  at 
about  50  volts. 

The  oirtput  of  the  multiplier  is  recorded  from  the  display  on  the  top 
beam  of  the  Texbronix  5^5  dual  beam  oscilloscope. 

The  other  beam  records  the  output  of  the  thin-film  resistance  gauge  in 
the  end  cap  of  the  shock  tube.  The  schematic  of  the  two  inputs  into  the  os¬ 
cilloscope  is  shown  in  Figure  2.11.  This  thin-film  gauge  is  exactly  the 
same  in  design  as  those  used  for  velocity  measurement.  When  the  shock  wave 
arrives  at  the  end  flange  of  the  tube  it  heats  the  gauge,  generating  a  sig¬ 
nal  which  triggers  both  beams  of  the  5^5  oscilloscope  preset  for  single 
sweep  application. 
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5.1  INTRODUCTION 

The  results  of  the  experiments  performed  with  the  shock  tube  coupled 
to  the  q.uadrupole  mass  filter  are  divided  into  three  sections.  The  first 
section  covers  the  results  of  preliminary  tests  which  were  done  to  cali¬ 
brate  the  experimental  apparatus.  These  tests  include  shocks  fired  in  pure 
argon,  in  which  the  Ar  ion  current  was  monitored,  and  shocks  fired  in 
three  different  mixtures  of  nitrous  oxide  highly  diluted  in  argon,  in  which 
the  NgO^  ion  current  was  followed.  All  these  tests  were  done  in  oirder  to 
compare  the  ion  current  with  the  partial  pressure  of  the  respective  gas  in 
the  shock  tube. 

The  second  section  contains  the  results  of  experiments  done  on  the  ni¬ 
trous  oxide  decomposition  reaction.  In  separate  experiments  conducted  with 
a  mixture  of  U  per  cent  nitrous  oxide  in  argon,  the  concentrations  of  N^O, 
Ng,  O2,  0,  and  NO  were  followed  as  functions  of  time  by  monitoring  their 
respective  ion  currents.  In  the  third  sec  cion  conclusions  are  drawn  with 
regard  to  the  mechanism  of  the  NgO  decomposition  during  the  testing  time  of 
these  experiments.  Also,  data  from  58  runs  in  which  the  nitrous  oxide  con¬ 
centration  was  followed  are  reported.  They  covered  a  ten5)erature  range 
from  i87T°K  to  4l20°K.  The  data  below  2500°K  is  correlated  with  those  of 
others. 


5.2  CALIBRATION  EXPERIMENTS 

Two  sets  of  experiments  were  done  in  order  to  determine  the  relation¬ 
ship  between  the  ion  current  of  a  gas  and  its  partial  pressure  in  the  shock 
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tube.  All  the  tests  were  run  under  shock  conditions.  The  first  set  was  a 
series  of  shocks  fired  in  pure  argon.  The  puipose  was  to  compare  the  Ar 
ion  current  with  the  expected  total  pressure  profile  in  the  shock  tube. 

The  second  set  was  a  series  of  shocks  fired  into  three  separate  Ar 
mixtures  of  different  N^O  concentrations.  The  purpose  of  the  second  set 
was  to  compare  the  magnitude  of  the  ion  currents  with  the  correspond¬ 
ing  partial  pressures  of  K2O  in  each  of  the  three  mixtures. 

5.2.1  CALIBRATION  EXPERIMENTS  IN  PURE  ARGON 

At  the  end  flange  of  the  shock  tube,  the  pressure  of  argon  as  a  func- 
ti'.on  of  time  looks  like  a  step  function.  Before  the  shock  arrives,  the 
pressure  is  low  and  constant.  On  shock  airival,  it  rises  instantly  (less 
than  5  microseconds)  and  remains  constant  until  the  reflected  shock  wave 
interacts  with  the  contact  surface  and  returns  to  the  end  wall.  Tius  pe¬ 
riod  of  constant  pressure  (and  ten^jerature)  lasts  between  ^OO  microseconds 
and  2  milliseconds,  depending  on  ohe  final  temperature.  The  highest  tem¬ 
perature  yields  the  shortest  testing  time.  Because  the  ten^erature  is  con¬ 
stant,  the  density  also  remains  constant. 

Shocks  were  fired  into  pure  argon,  and  the  Ar^  ion  currents  were  re¬ 
corded.  In  the  earliest  experiments,  the  ion  current  signals  rose  veiy 
slowly  (200-400  microseconds)  and  did  not  level  off  to  a  constant  value. 
This  phenomenon  was  soon  traced  to  the  ionization  region  (the  case),  which 
was  too  far  away  from  the  leak.  Thus,  the  main  contribution  to  the  ion 
curz^nt  came  from  the  gas  pressure  building  up  in  the  case. 

Therefore,  a  new  source  was  built  which  was  narrower,  allowing  the 
electron  beam  to  be  placed  closer  to  the  leak.  The  distance  of  the  elec¬ 
tron  beam  from  the  ion  source  was  originally  25  mmj  the  new  ion  source 
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decreased  this  distance  to  10  min.  The  narrower  source  made  the  conductance 
of  the  case  much  greater,  so  that  gas  from  the  shock  tube  which  was  not 
ionized  could  exit  more  easily  into  the  larger  vacuum  enclosure.  This  sec¬ 
ond  source  gave  faster  rises,  but  even  faster  results  were  needed.  It  was 
important  to  have  the  signal  rise  in  e.  time  which  was  short  con^iared  to  the 
time  of  a  reaction.  Therefore,  if  a  reaction  should  last  5OO  microseconds, 
the  rise  time  should  be  below  about  25  microseconds. 

At  this  time  we  noticed  that  the  electron  beam  diverged  in  the  case  so 
much  that  less  than  one-half  of  the  electron  current  reached  the  trap. 

Since  we  desired  not  to  use  magnetic  colli  mation  of  the  electron  beam  with 
the  quadrupole  mass-filter,  it  was  necessaiy  to  insert  a  cylindrical  elec¬ 
trostatic  lens  in  the  path  of  the  electrons,  in  order  to  focus  them  onto 
the  trap.  At  the  same  time,  the  case  was  made  a  little  narrower  so  that 
the  length  of  the  electron  path  throu^  the  case  was  reduced.  With  the 
electron  beam  now  confined  to  the  center  of  the  case,  the  ions  formed  were 
from  the  center  of  the  gas  beam  emerging  from  the  tube.  This  new  arrange¬ 
ment  drastically  reduced  the  ion  current  from  the  background  gas  in  the 
case,  but  still  did  not  give  satisfactory  rises  or  levelings  in  the  Ar  ion 
signals. 

Up  to  this  point,  there  had  been  no  ion  repeller  electrode  in  the 
case.  The  ions  were  withdrawn  by  a  large  negative  voltage  (with  respect  to 
the  case)  on  plate  No.  11.  The  potential  on  plate  11  penetrated  into  the 
source  and  withdrev;  the  ions.  The  repeller  was  omitted  in  order  to  have 
the  hipest  possible  conductance  through  the  case.  Because  of  such  poor 
response  up  to  this  time,  an  ion  repeller*  electrode  was  built  into  the 
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The  addition  of  the  ion  repeller  immediately  gave  the  desired  shape  to 
the  argon  ion  signal  and  also  inc*^*eased  the  ion  intensity  by  a  factor  of  at 
least  ten.  It  was  also  found  that  the  best  signals  resulted  if  plate  11 
was  operated  at  the  case  voltage.  This  implied  that  the  repeller  ejected 
ions  into  the  mass  filter  preferentially  from  the  center  of  the  beam,  while 
plate  11  drew  out  ions  preferentially  from  around  the  exit  hole  of  the  case 
anu  not  from  the  beam  center. 

Two  more  changes  were  made  before  the  actual  experiments  were  begun. 
The  electron  beam  was  being  deflected  by  the  voltage  on  the  wire  connected 
to  the  electron  lens.  The  voltage  was  sometimes  as  high  as  400  volts, 
shich  bent  the  beam  coiroletely  off  the  electron  trap.  Therefore,  a  screen 
of  nickel  mesh  (955^  transmission)  was  placed  a  short-  distance  beyond  the 
exit  side  of  the  case.  It  was  close  enough  to  shield  the  case  from  stray 
v-nltages  and  far  enough  back  from  the  case  to  avoid  interference  with  the 
free  exit  of  gas. 

The  source  was  again  broia^^  closer  to  the  leak  by  making  the  end 
flange  of  the  shock  tube  thinner.  The  final  distance  between  the  leak 
in  the  shock  tube  and  the  center  of  the  electron  beam  is  k  mm. 

The  performance  of  the  source  during  a  shock  in  pure  argon  can  be 
gauged  by  three  criteria:  (1)  the  steepness  of  the  rising  signal,  (2)  the 
squareness  of  the  leveling  off  to  the  final  value,  and  (3)  the  constancy  of 
the  final  high  value,  liofortunately,  these  three  q'jalities  in  thiir  best 
foims  are  not  simultaneously  obtainable  in  the  same  teii5>eratm'e  and  pres¬ 
sure  range.  Our  results  with  regard  to  these  three  qualities  are  tabulated 
below.  The  degree  of  effectiveness  of  each  quality  is  indicated  as 


follows 


Initial  Pressure 


Final  Temperature 
Low  (1800OK) 

High  (5>C0OK) 


Low  (2  ami) 

Steepness  worst 
Sq.uareness  worst 

Leveling  worst 


High  (10  mm) 

Sqmreness  best 
Leveling  best 

Steepness  best 


The  results  indicate  that  it  is  best  to  operate  at  high  pressures, 

10  ram  and  above.  The  better  performance  at  hi^er  pressures  is  proba¬ 
bly  due  to  the  fact  that  the  flow  throu^  the  orifice  is  more  definitely  in 
the  hydrodynamic  region  there  -^han  a-h  the  lower  pressures. 

Unfortunately,  the  initial  pressure  in  the  shock  tube  could  not  be 
raised  hi^er  than  the  10  mm  mark.  Above  this  pressure,  the  case  pres¬ 
sure  was  too  high  to  give  good  results.  At  pressures  above  10  mm,  such 
things  as  ion  current  decreasing  with  increasing  pressure  began  to  occur, 
indicating  that  the  upper  limit  in  case  pressure  had  been  reached.  Also, 
the  background  pressure  in  the  vacuum  chamber  was  at  its  allowable  maxi¬ 
mum  at  a  presEvire  of  10  ram  in  the  shock  tube. 

JL 

Two  oscilloscope  records  of  the  Ar'  ion  signal  versus  time  are  shown 
in  Figure  J.l.  They  are  not  the  best  obtained,  but  are  somewhat  better 
than  average.  In  both  experiments,  the  initial  pressure  was  h.7  inm  and  the 
initial  temperature  was  300°K.  In  Figure  the  sweep  rate  is  50  micro¬ 

seconds  per  cm.  The  rise  is  the  fastest  we  have  been  able  to  obtain^  the 
sq,uare  comer  is  also  optimum  and  the  leveling  good.  The  rise  time  is 
about  15  microseconds.  In  Figure  3«lt,  the  sweep  speed  is  200  microseconds 
per  cm.  This  is  slow  enou^  to  show  the  falling  signal,  due  to  the  return 
of  the  reflected  shock  wavs  from  the  contact  surface.  This  is  also  seen  on 
the  lower  trace,  which  is  the  signal  from  the  thin  film  gauge  in  the  end 
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flange  of  the  shock  tube.  This  arrival  marks  the  end  of  the  testing  time 
vhich,  in  this  case,  is  1.0  milliseconds. 

5.2.2  CALIBRATION  EXPERIMENTS  WITH  NITROUS  OXIDE 

Three  mixtures,  containing  1,  2  and  k  pttr  cent  nitrous  oxide  in  argon, 
were  prepared  in  the  gas  mixing  apparatus. 

Several  shocks  were  fired  with  each  mixture,  under  identical  initial 
conditions.  The  ion  current  of  N2O  versus  time  was  displayed  on  the  os¬ 
cilloscope  and  recorded  with  a  Polaroid  camera.  The  deflection  correspond- 
ing  to  the  peak  NgO  ion  signal  was  measured  for  each  run.  This  peak 
occurs  just  after  the  steep  rise  but  before  reaction  causes  the  signal  to 
fall  again.  The  results  showed  that  the  measured  ion  signal  on  the  Polar¬ 
oid  film  was  directly  proportional  to  the  pressure  of  N^O  in  the  shock 
tube.  The  results  for  all  runs  are  tabulated  below.  In  all  the  runs,  the 
initial  pressure  was  4.7  icni,  the  initial  ten5>erature  was  5(X)°K,  and  the  fi¬ 
nal  tenperatvire  was  between  2280°K  and  2600°K. 


TABLE  5.1 

PRESSURE  DEPENDENCE  TESTS 


Run  Number 

N2O  Percentage 

J28-2 

4.0 

J28-3 

4.0 

J28-5 

4.0 

J28-II 

4.0 

J28-6 

2.0 

J28-7 

2.0 

J28-8 

1.0 

J28-9 

1.0 

J28-10 

1.0 

in  Argon  NaO^  current 

_  (cm  defleet  ion) 

4.2 
4.1 

4.1 

4.4 

2.1 

2.5 
1.0 
1.4 

1.3 
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The  linearity  is  within  lOjt  above  two  centimeters.  The  problem  at  one 
centimeter  is  partially  due  to  the  vincertainty  in  the  base  line  from  which 
the  deflections  were  measured.  Due  to  an  annoying  60-cycle  noise  problem, 
the  bare  line  rose  and  fell  approximately  0.2  centimeters  at  60  cycles  per 
seconds  Depending  on  where  the  single  sweep  began,  the  baseline  could  have 
been  anywhere  from  0  to  0.2  cm  above  or  below  the  assumed  zero  point. 

In  general,  however,  the  experiments  were  arranged  to  give  initial  de¬ 
flections  of  over  four  centimeters,  and  no  data  was  used  after  the  signal 
nad  decayed  below  one  centimeter. 

Thus,  the  experimental  apparatus  ii.  its  final  foim  gave  ion  signals 
which  were  linear  with  the  corresponding  density  of  the  species  in  the 
shock  tube.  The  linearity  is  within 

3.5  THE  THERMAL  DEC0MP0S3TI0J?  OF  KTESiDUS  OXIDE 

The  experiments  on  the  thermal  decomposition  of  nitrous  oxide  are  di¬ 
vided  between  those  to  establish  the  mechanism  and  those  to  determine  the 
rate  constant  for  the  disappearance  of  nitrous  oxide. 

3.3  .1  THE  MBCHAHISM  OF  NITROUS  OKIDB  DECOMPOSITIQN 

A  large  number  of  rrins  were  made  in  which  the  ion  currents  of  N^O,  NO, 
Na,  O2,  or  0  were  monitored.  Barticular  problems  arose  with  regard  to  each 
ionic  species.  These  problems  are  mentioned  below. 


The  decay  of  the  NaO”*"  ion  current  as  a  function  of  time  was  plotted  on 
semi-log  paper.  The  curve  was  always  nearly  a  straight  line  (see  Fig¬ 
ure  3*2).  At  higher  tenrperatures,  however,  the  curve  tended  to  drop  more 
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slowly  than  the  straight  line.  We  interpret  this  as  due  to  cooling  of  the 
gas  at  the  end  flange,  where  the  gas  is  sampled,  with  subsequent  slowing 
of  the  reaction  rate.  This  effect  was  slight  below  2500°K  and  considerable 
above  5500°K.  Tn  all  cases,  a  first  order  rate  constant  (ki'  )  was  calcu¬ 
lated  for  each  100  microseconds  of  the  reaction;  then,  the  constant  for 
the  time  the  reaction  began  (shock  arrival)  was  found  by  extrapolation. 

The  procedure  for  calculating  the  constant  k^'  for  Run  No.  F2O6513  is 
shown  in  Figure  3.2.  At  2500°K  the  extrapolation  rarely  increased  the 
rate  constant  by  more  than  20  per  cent  from  its  value  at  100  microseconds. 
At  3500°K  the  extrapolation  increased  k^*  by  about  50  psr  cent. 


The  ion  current  of  NO^  comes  not  only  from  the  nitric  oxide  but  also 
from  the  nitrous  oxide.  Thus,  the  initial  ion  current  at  shock  arrival  is 
exclusively  due  to  nitrous  oxide.  Data  from  another  run  in  which  KgO^  was 
monitored  at  the  same  ten5)erature  is  used  to  subtract  the  NgO  contribution 
from  the  KO^  ion  current. 


The  ion  current  of  Ng  also  has  a  contribution  caused  by  the  cracking 
of  NgO  in  the  ion  source.  A  similar  subtraction  procedure  yields  the  Rg^ 
current  caused  by  Ng  in  the  shock  tube. 

O2I 

The  ion  current  of  Og  comes  exclusively  from  Og.  Therefore,  it 
gives  the  most  useful  (cleanest)  kinetic  pictures  of  the  course  of  the  re- 
action.  Hence,  a  large  nuniber  of  runs  were  made  in  which  Qg  was 
observed. 
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The  ion  current  of  0  has  contributions  from  N2O  at  the  beginning  of 
the  reaction  and  NO  at  the  end  of  the  reaction.  Since  the  0  atom  concen¬ 
tration  was  always  low,  no  useful  information  came  from  monitoring  0^, 

The  only  observation  made  monitoring  O'*"  was  the  fact  that  0  atoms  did  not 
build  up  in  concentration  to  a  value  high  enough  to  be  seen  on  top  of  the 
NO  contribution  to  the  0  peak. 

The  results  at  all  teii5)eratures  are  similar,  so  sanQ)le  curves  are 
presented  at  only  one  ten^ierature — 2515°K  (see  Figure  3.5).  In  Fig¬ 
ure  3.3a  the  ion  currents  are  plotted,  and  in  Figure  3»5h  the  ion  currents 
are  plotted  with  subtractions  made  for  the  contributions  due  to  N2O. 

The  following  characteristics  were  common  to  all  nuas: 

1.  After  all  the  NgO  had  deconrposed,  the  0|g  ,  NO  ,  and  Kg  ion  cur¬ 
rents  flattened  out  and  remained  level, 

2.  The  0|2^  current  rose  with  a  positive  curvature  for  only  the  first 
twenty  microseconds  and  then  continued  to  rise  to  its  final  value 
with  a  negative  c'orvature. 

3.  Over  the  entire  temperature  range  of  l800-3500°K,  the  ratio  of 
NO"^  to  after  all  the  NgO  had  disappeared  was  2.2  +  0.4. 

5.5.2  THE  BATE  OF  NgO  DECOMPOSITION 

The  rate  of  disappearance  of  NgO  was  measured  in  the  ten^erature 
range  l877°-4l20°K,  The  data  from  4l  runs  made  with  a  NgO  mixture 
(diluted  with  argon)  are  given  in  Table  5.2.  The  last  three  runs  (in¬ 
dicated  in  Table  5*2  with  asterisks)  were  discarded  because  the  amount 
of  decon5)Osition  was  so  slight  that  an  accurate  rate  constant  could  not  be 
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TABLE  5.2 


EXEESIMENTAL  DATA  ON  4l  SHOCK  TUBE  EXPERIMENTS 
DONE  WITH  4  PER  CENT  NgO  IN  ARSON 


RUN  NO. 

SHOCK 

VELOCITY 

MACH 

NUMBER 

REFUCTED 
SHOCK  TEMP. 

REFLEdDED 
^OCK  DENSITY 

1^1’ 

mm/^sec 

OK 

moles/cc 

X  10  ® 

cc/mole  see. 

X  10‘e 

F04^526 

0.918 

2.88 

1877 

1.01 

1.32 

F046524 

0.995 

3.12 

2163 

1.91 

6.38 

F046525 

1.004 

3.15 

2210 

1.91 

5.81 

F046503 

1.010 

3.17 

2233 

1.94 

8.25 

Fo46502 

1.058 

3.32 

2430 

2.03 

CO 

P046504 

1.074 

3-37 

2501 

2.0>f 

18.25 

F046505 

1.091 

3.42 

2571 

2.05 

28.61 

FO46523 

1.108 

CO 

. 

2651 

2.08 

23.61 

F046522 

1.104 

5.^7 

2631 

2.15 

20.24 

F046521B 

1.151 

3.61 

2845 

2.13 

50. 11 

F046521 

1.155 

3.62 

2862 

2.14 

31.74 

F046522A 

1,189 

3.73 

5026 

2.17 

44.14 

F046521A 

1.252 

3.93 

3332 

2.24 

65.25 

F206515 

0.946 

2.97 

1976 

1,84 

2.38 

F206514 

1.055 

3.31 

24i6 

2.03 

23.19 

F206515 

1.081 

3.39 

2528 

2,06 

21.86 

F206512 

I0OI9 

3.20 

2266 

1.98 

11«14 

F206510 

0.972 

3.05 

2079 

1.89 

6.32 

F20659 

0.966 

3.03 

2055 

1.88 

3.25 

F20654 

1.00 

3.14 

2186 

1.89 

10.30 

mmmmmmm 
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TABUS  5.2  (continued) 


RUN  NO. 

SHOcac 

vsLociry 

MACE 

NUMBER 

REFLECTED 
SHOCK  TEMP. 

reflected 

SHOCK  DENSITY 

ki« 

mn/usec 

OK 

mole/cc  X  lO”® 

cc/mole  sec 

X  10“® 

F2^508 

1.016 

3.19 

2256 

0.81 

14.69 

E266511 

1.022 

3.21 

2280 

0,86 

11.20 

F266512 

1.068 

5.35 

2472 

0.85 

20.05 

F266513 

1.140 

3.58 

2792 

0.88 

35.59 

P266514 

1.170 

3.67 

2933 

0.94 

71.06 

P266515 

1.091 

3.43 

2571 

0.85 

25.66 

F266516 

1.201 

3.77 

3083 

0.96 

62.63 

F266517 

1.248 

3.92 

3310 

0.98 

59.20 

P266518 

1.257 

3.95 

3356 

0.96 

75.88 

F266519 

1.270 

3.99 

3421 

0.90 

104.80 

P26652O 

1.400 

4.40 

4120 

0.99 

363.80 

E266522 

1.140 

3.57 

2792 

4.53 

33.06 

F266523 

1.091 

3.43 

2571 

4.35 

18.37 

5^523A 

1.058 

3.32 

2430 

4.30 

14.39 

P26652lf 

1.040 

5.26 

2355 

4.25 

16.26 

P266525 

0.951 

2.99 

1999 

3.95 

5.79 

F266526 

1.022 

3.21 

2280 

4.15 

8,67 

F26652T 

1.034 

3.25 

2327 

4.22 

16.86 

*P20657 

0.931 

2.92 

1919 

1.89 

3.83 

*F266506 

0.943 

2.96 

1966 

9.78 

6.78 

♦P266521 

0.961 

3.02 

2036 

4.00 

5.72 

♦See  p.  58. 
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deteimined.  These  runs  vere  not  included  in  the  deteimination  of  the 
curves  which  pass  through  the  data  points.  A  later  inspection  showed 
that  these  three  points  lay  veiy  close  to  the  curves  and  hence  would  not 
have  changed  the  final  result  had  they  "been  included. 

The  results  are  plotted  in  Figui^s  5*^  and  3* 5*  The  symbols  refer  to 
the  final  gas  densities. 


Symbol 


Triangle 

Circle 

Square 


Final  Density 

0.9  X  10”®  moles/cc 
2.0  X  10“®  moles/cc 
4.2  X  10"®  moles/cc 


Figure  3,4  shows  all  thirty-eight  points,  and  Figure  3.5  shows  only 
the  points  below  2500®K, 

^ch  rate  constant  was  calculated  by  the  following  method  (see  Fig¬ 
ure  3.2).  From  the  oscilloscope  picture,  the  deflections  at  100  microsec¬ 
ond  intervals  were  measured.  (The  interval  was  shorter  on  the  hotter 
runs. )  Then  a  first  order  rate  constant  was  calculated  for  each  100  mi¬ 
crosecond  interval,  (The  reaction  is  pseudo  first  order  because  the  con¬ 
centration  of  argon  is  constant.)  These  partial  rate  constants  were  then 
plotted  on  semi-log  paper  and  extrapolated  to  the  time  of  shock  arrival. 

Since  the  kinetics  is  second  order,  the  second  order  constant  was 
calculated  by  dividing  the  extrapolated  first  order  constant  by  the  to¬ 
tal  gas  density  (essentially  the  argon  concentration). 


3.4  CONCLUSIONS 


uu 


3.4.1  THE  MECHANISM  OF  THE  THEHMAL  DECOMPOSITION  OF  NITROUS  OXIDE 

The  mechanism  of  the  decomposition  of  NgO  in  the  temperature  range 
1500°-2500°K  consists  only  of  the  reactions  listed  below. 


(la,b) 

M  +  NgO 

> 

NgO» 

+  M 

k-i 

(ic) 

NgO*^ 

k 

u^ 

Ns 

+  0 

(2) 

0 

+ 

0 

■  42.^ 

Ns 

+  Og 

(3) 

0  +  NgO 

2N0 

The  reasons  for  this  conclusion  are  listed  below. 

1.  If  kg  =  ka  (see  Section  3.3»5)#  'tHen  the  overall  reaction  cun  be 
written 

2M  +  4NaO  =  3N2  +  2N0  +  Qg  +  2M 

This  would  predict  that  the  proportionality  of  the  initial  con¬ 
centration  of  NgO  to  the  final  concentrations  of  Ng.  NO,  and  Q2 
would  be  N20:N2:N0:Q2  =  4:3:2:!.  It  was  deteimined  in  a  set  of 
e:Q)eriments  at  (see  Figure  3,3)  that  the  ion  current  pro- 

portionality  is  NgO  :N2  :N0  :02  =  5»0:5*5:2. 8:1.1;  or  normalised 
to  (>2  =  1«  yields  The  somewhat  high  value  for  NgO 

could  come  from  the  fact  that  NgO  has  a  slightly  higher  ioniza¬ 
tion  cross-section  than  Ng  or  This  is  subject  to  test. 

The  tests  are  planned  for  a  later  series  of  e3q)erlments.  The 
NO  value  is  rather  high  and  may  be  due  to  k®  bein,?  slightly 


M^er  than  kg*  (In  Section  5.5*5  'tlie  conclusion  is  that 
ka/kg  =  1.2  +  .2.)  This  same  semi-anantitative  proportionality 
exists  at  all  temperatures  below  2500°^. 

2.  Jost,  ^  al»^  in  their  recent  study  of  NgO  deconqposition,  found 
a  final  NO  concentration,  after  all  the  NgO  had  decomposed,  which 
was  consistent  with  the  assunqption  that  25^^  +  of  original 
NgO  reacted  to  form  NO.  This  yield  was  independent  of  tempera¬ 
ture.  They  were  unable  to  follow  the  0^  concentration  (they  used 
an  ultraviolet  absorption  techniq.ue)  and  hence  were  unable  to 
draw  any  conclusions  concerning  the  constants  k^  and  k^.  Our  hy¬ 
pothesis  that  steps  1-5  constitute  the  entire  mechanism  and  that 
ka  lia  explains  their  findings  perfectly. 

5.  The  yield  of  NO  and  0^  after  all  the  N^O  decomposed  was  always 
the  same.  The  ratio  of  final  yields,  (KO)^(O^)^  =  2  +  0.4,  oc- 
cuired  not  only  in  the  teii5)erature  range  1500°-2500®K,  but  also 
at  temperatures  as  high  as  5500°K.  We  have  been  unable  to  think 
of  any  other  set  of  reactions  dealing  with  the  chemical  species 
of  this  system  which  could  produce  this  result. 

5.4  .2  THE  STEADY  STATE  FOH  QXYGHJ  ATOMS 

The  second  conclusion  reached  is  that  below  2500°K  there  exists  a 
steady  state  concentration  of  oxygen  atoms.  The  following  reasons  are 
offered. 

1.  The  0^^  curves  rise  initially  with  a  positive  curvature.  After  a 
veiy  brief  period  (50"50  microseconds),  the  0|2^  curves  start  to 
rise  to  their  final  value  with  a  negative  curvature.  The  initial 
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rise  period  never  exceeds  the  time  necessary  for  10  per  cent  of 
the  NgO  to  decompose,  and  usually  is  under  5  per  cent.  Using 
these  experimental  results  we  have  calculated  that  at  the  inflec¬ 
tion  point  the  0  atom  concentration  is  already  between  8O-9O  per 
cent  (or  more)  of  its  steady  state  value.  Therefore,  the  time 
necessaiy  to  reach  the  inflection  point  is  almost  the  time  needed 
to  reach  the  steady  state  concentration  of  0  atoms. 

2.  The  shape  of  the  curves  is  essentially  first  order.  If 

there  is  deviation  from  the  steady  state,  the  decomposition 
should  accelerate  from  the  first  order  speed  as  the  0  atom  con¬ 
centration  builds  up.  This  observation  was  also  made  by  Jost  et 
al,^°  who  also  observed  essentially  first  order  behavior. 

5.  Using  Feniffiore'and  Jones's  value  for  along  with  the  experi¬ 

mental  result  that  =  ka,  we  calculated  that  the  steady  state 
exists  up  to  2500*^.  The  criterion  used  for  this  calculation  was 
that  the  0  atom  steady  state  concentration  never  exceeds  five  per 
cent  of  the  original  N2O  concentration.  Above  2500°K  the  steady 
state  does  not  result  using  Feniraore's  value  for  ks.  Kaufman, 
Gerri,  and  Bowman’ s  value®^  for  ks  is  too  low  b^  a  factor  of  100 
to  give  the  observed  steady  state  at  2500°K. 

3.5.3  THE  RATS  CONSTAKTS  kg  AND  kg 

Over  the  entire  range  of  this  investigation  the  final  yield  of  NO  was 
always  2.4  +  0.4  times  the  final  yield  of  O^.  This  implies 
ks/kg  =  1.2  +  0.2.  The  uncertainty  in  the  value  comes  from  mea¬ 
surements  done  at  each  temperature.  There  is  no  indication  that  this 
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ratio  changes  vith  temperature.  Therefore,  the  inaccuracy  in  the  ratio  is 
mostly  in  the  pre-exponential  factor;  the  activation  energies  for  the  two 
rate  expressions  cannot  differ  by  more  than  1  kcal.  Kaufman  et  al®^  give 
activation  energies  which  are  1  kcal  apart. 

The  observation  of  constant  NO  yield  with  temperature  made  by  Jost  et 
al'*°  confirms  the  conclusion  that  %  s 

Fenimore  and  Jones's  value  for  ks  now  seems  to  be  well-established. 
Assuming  that  this  value  is  essentially  correct,  we  derive  kg  from  the  re¬ 
lation  ka/ka  -  1*2 

ka  =  0.85  X  ■■  ■ 

<=  mole  sec 

3.l^.4  THE  RATS  CONSTANT  ki 

The  rate  of  disappearance  of  NgO  was  measured  in  the  ten5)erature 
range  from  1877°  "to  4l20°K.  The  rate  of  disappearance  was  found  to  be 
proportional  to  the  concentration  of  NgO  and  to  the  total  density,  where 
the  argon  concentration  represents  the  total  density.  This  is  ^justified 
because  the  gas  mixture  was  96^  argon.  This  may  be  written  as 

=  ki'(MaO)(Ar) 

A  least  squares  program  was  used  to  fit  the  data  points  to  the  rate 
expression 

ki’  =  AT  e 

An  equation  of  this  form  was  used  because  its  complexity  is  just  suf¬ 
ficient  to  permit  a  reasonable  empirical  representation  of  the  data  points 
and  because  the  exponent  (if  positive)  has  physical  meaning  in  the  Kassel 


TO 


theory  of  uniraolecular  reactions.  E  vas  taken  as  the  high-pressure  acti' 
vation  energy  of  nitrous  oxide,  60,000  cal/mole.  The  program  calculated 
values  for  A  and  n. 

For  all  thirty-eight  points,  the  result  is 


k,.  =  5.3  X  -60,000  cal/RT 

For  all  the  points  below  2500°K,  the  result  is 


Because  each  0  atom  produced  in  step  1  consumes  another  NgO  molecule, 
the  value  for  =  l/2ki’ . 

Therefore,  for  all  points 

k,  =  1.6  X  10»rVa(6p,!^_oal  ^-B*  -60,000  cal/HT 
i  '  RP  '  mole  sec 

and  for  those  points  which  lie  below  2500®K 

ki  =  l.a  k  loV/^(^^^.  cal)=-°%-60,000  cal/m  00^ 

'  RC  '  mole  sec 

The  lines  corresponding  to  the  appropriate  k^*  ’s  are  drawn  through 
the  data  points  in  Figures  3»5  The  corresponding  results  from 

Jost  ^  Fishburt^e  and  Bdse^^  are  in  each  drawing.  Fishburae  and 

Edse  reported  first  order  constants,  so  that  the  appropriate  constant  was 
divided  by  the  density  before  it  was  plotted. 

The  agreement  with  Fishbume  and  Edse  is  "perfect."  Unfortunately, 
their  data  only  goes  up  to  2200®K,  so  that  the  high  ten^jerature  datr.  can¬ 
not  be  compared.  Fishbume  and  Edse  igncr-ed  steps  2  and  5  called  k^ 
the  rate  of  NgO  disappearance.  Thus,  their  agreement  with  this  study  is 
perfect  (ki*  is  plotted)  with  respect  to  the  rate  of  0.i5e.ppe.?.rauce  of  NgO. 
However,  there  is  a  difference  in  their  interpretation  of 
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The  comparison  with  the  data  of  Jost’s  group  is  difficult.  Their 
cui^e  rises  more  steeply  than  that  of  this  study  (see  Figure  but 

nevertheless  agrees  at  lower  tempeTOtui*es.  Their  expression  for  (they 
did  not  ignore  steps  2  and  3) 


=  10^5 ‘3  e 


6l,000  cal 

RD  cc 

mole  sec 


Their  data  points  together  with  the  curve  for  the  above  expression  are 
shown  in  Figure  3.6.  This  plot  is  taken  directly  from  their  article. “*0 
It  is  apparent  from  their  data  that  the  abov^  esqpression  for  k^’  does  rep¬ 
resent  the  dependence  of  their  experimental  rate  constant  with  tenpera- 
ture.  Therefore,  the  difference  between  their  rate  e:q)ression  and  ours 
cannot  be  ascribed  to  a  bad  fit  of  data  to  an  empirical  rate  e3q)ression. 

The  rate  expression  of  Jost  ^-al  has  two  (piestionable  features, 

1.  Their  value  for  the  activation  energy  is  the  same  as  the  value 
for  the  hi^  pressure  limit,  whereas  on-a  expects  it  to  drop  when 
going  into  the  low  pressure  region,  esper  rally  at  high  tenpera- 
ture  (Fishbume  and  Edse  find  =  49*5  k  ial  at  these  densities 
and  temperatures, ) 

2,  The  activation  energy  is  so  high  that  the  7.re-e:q)onential  factor 
is  greater  than  the  collision  freq_uency. 


In  order  to  have  sufficiently  high  li^t  absorption,  Jost  ^  ad  con¬ 
ducted  their  esperiments  at  densities  between  1  x  lO”'*  and  0,1  x  10 
moles/cc,  Johnston  has  shown  that  the  low  pressure  limit  is  at 
0,01  X  10”^  moles/cc  at  888°K.^^  We  have  calculated,  using  simple 
Kassel  theory,®®  that  the  low  pressure  limit  will  shift  to  higher  densi¬ 
ties  with  temperature  but  will  shift  only  to  0,05-0,1  x  10  ■*  moles/sec 
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at  2000®K,  Jost  et  ^  present  a  limited  amount  of  evidence  that  their 
kinetic  expression  is  second  order.  However,  a  close  look  at  the  data 
reveals  that  the  order  could  well  be  lower.  More  correlation  of  their 
data  is  needed  to  firmly  establish  this  point.  It  is  possible  that  their 
assua5>tion  of  second  order  behavior  when  the  reaction  is  not  quite  second 
order  could  yield  the  higher  activation  energy. 

Therefore,  it  must  be  concluded  that  Jost’s  results  are  not  of  un¬ 
questionable  value,  if  used  for  a  comparison  with  the  results  of  this 
study.  There  are  no  other  studies  on  record  with  which  to  compare  the 
high  temperature  results. 

Because  the  mechanism  is  esjjjlicit  below  250O°K,  and  because  the  ex¬ 
perimental  technique  works  well  below  this  ten^jerature,  the  k^  for  the  re¬ 
action  below  2500°K  is  accepted  as  coirect.  The  other  k^  may  be  low  by  a 
factor  of  2  if  there  is  no  steady  state,  and  even  lower  if  there  is  serious 
cooling  by  the  end  flange.  This  is,  however,  the  only  data  above  2500°K, 
and  therefore  should  be  reported. 

The  exponent  n  in  the  rate  expression  for  temperatures  below  2500°K 
is  5»09«  This  cozrespcnds  to  six  ** oscillators"  in  the  elementary  Kassel 
Theory.  The  nitrous  oxide  molecule  has  four  vibrations  and  two  rotations 
so  that  the  "number  of  oscillators"  should  be  between  4  and  5.  This  value 
for  n  would  correspond  to  a  value  for  n  between  5  and  4.  Therefore,  the 
e35)erimental  value  is  too  high  to  be  explained  by  Kassel  Theoiy.  Such 
high  exponents  have  been  found  in  other  high  temperature  systems. 

Davies^^  studied  the  theimal  decomposition  of  carbon  dioxide  highly 
diluted  in  argon.  He  found  that  an  exponent  n  =  4.88  was  needed  to  fit 
his  data  to  a  similar  rate  e3q)re8sion.  His  temperature  range  was 
35000-^OOOOK. 


rc  is  possible  that  this  departure  from  Kassel  Theory  is  due  to  a  se-* 
rious  departure  from  a  Boltzmann  equilibrium  distribution  among  the 
non-actlvated  molecules.  If  this  were  the  case,  one  would  expect  similar 
behavior  with  KgO  at  2500°K  to  that  found  with  COg  at  5OOOOK,  because  the 
activation  energy  of  COg  is  twice  as  high  (125  kcal/mole  for  COg  against 
60  kcal/mole  for  NgO).  This  entire  problem  will  require  more  investiga¬ 
tion  for  confiimaticn. 

5.4.5  THE  BEACTION  ABOVE  25OOOK 

Above  2500°^  the  behavior  of  this  reaction  becomes  anomalous,  and  no 
general  conclusion  can  he  made  at  this  time.  More  experiments  need  to  be 
done  In  order  to  determine  the  causes  of  the  experimental  phenomena  found 
above  this  temperatiu'e.  The  phenomena  observed  above  this  temperature  are 
listed  below. 

1.  In  the  proportionality  of  the  final  concentrations,  Hg:NO:0^,  the 
NOtQg  ratio  remains  constant,  but  the  NgtNO  or  NgcO^  ratio  in¬ 
creases,  This  could  be  due  either  to  mechanism  changes  at  higher 
ten5)erature  (possibly  some  chain  reaction  steps  should  he  in¬ 
cluded),  or  to  serious  departure  from  the  steady  state. 

2.  The  Og^  curves  show  shorter  and  shorter  ’’induction  periods" — the 
time  the  Og^  curve  has  a  positive  curvature.  This  time  is  about 
30-50  microseconds  at  2500°K  and  drops  to  5“10  microseconds  at 
3500°K.  This  does  not  necessarily  mean  that  a  steady  state  ex¬ 
ists  above  2500°K,  Since  (^D)O  atoms  begin  to  be  produced  by  re¬ 
action  1  at  high  temperatures,  they  can  "instantly^’  react  to  form 
Og  atoms  via  the  reaction  (^D)O  +  NgO  —  Olg  +  Ng  with  probably  no 
activation  energy.  Thus  (®P)0  atoms  could  he  "piliiag  up"  between 


reactions  1  and  2  or  5#  Og  could  utill  be  produced  from  the 
electronically  exited  (^D)O  atoms.  This  possibility  needs  more 
experimentation  for  verification. 


The  rate  constant  for  step  1  requires  an  unusually  large  "number 
of  oscillators"  to  account  for  the  apparent  falling-off  of  the 
rate  constant.  To  fit  all  the  experimental  points,  the  value  for 

K,  is  k,  =  1.6  X  io«TVa(6P,°0°.,.ea,l)^-»«,-60,000/HC 
^  ^  '  BT  ''  mole  sec^ 

s  -  1  =  5*3.  ^  Thus,  almost  seven  "oscillators"  are  needed  to 
fit  the  data  to  a  classical  collision  theory  expression.  When 
all  four  vibrations  and  both  rotations  (which  counts  at  most  as 
only  one  vibration)  are  used,  the  hipest  number  of  "oscillators" 
is  5»  This  musual  temperature  dependence  of  the  rate  constant 
could  be  due  to  any  of  the  facts  listed  below: 


a.  The  mechanism  of  the  reaction  is  changing. 

b.  The  system  is  seriously  departing  from  the  steady  state. 

c.  The  gas  samples  from  the  orifice  were  cooled  by  the  end 
flange  so  seriously  that  even  an  extrapolation  does  not 
give  the  correct  rate  constant. 

d.  Simple  collision  theory  is  inadequate  to  explain  the  high 
tempsratxire  behavior,  as  demonstrated  by  Diesen^®  and  oth¬ 
ers  in  other  connections. 
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